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Abstract 
 
Recent advances in medicine and nanotechnology have inspired numerous 
researches in which nano-engineering is used for the development of optimal 
drug nanocarriers. Up to now, most efforts in this field have been focused on 
creating spherical nanocarriers such as liposomes, capsules, or 
polymersomes. However, anisotropic structures such as nanotubes are 
currently attracting considerable attention because they offer some 
promising advantages over isotropic structures.  
The size of nanotubes can be manipulated in two dimensions, giving the 
opportunity to construct nanotubes with different aspect ratios. They 
possess higher surface area compared to nanospheres of identical radius, 
resulting in more functional groups (antifouling, targeting…) assembled on 
their surface. Elaborated structures can be achieved by separately and 
selectively functionalizing the inner and outer surfaces of the nanotubes. The 
degree of sophistication can still be increased by assembling functional 
groups on the lateral and basal surfaces of nanotubes.  
In the present work, layer-by-layer assembly method is combined with 
template synthesis to fabricate nanotubes composed of a therapeutic agent, 
namely, ovalbumin protein. A method for quantitative collection and transfer 
of nanotubes from the template to desired aqueous medium is developed. 
This method is applicable for collection of any template-synthesized nano-
object independent of its nature and dimension and thus, is universal. The 
ability to functionalize nanotubular drug carriers with antifouling 
poly(ethylene glycol) chains was also reported.  
Nanotubes of different chemistry, dimension and surface functionalization 
are then incubated with dendritic cells to study their interaction with cells. 
Results showed nanotubes phagocytosis is influenced by nanotubes surface 
function as well as size and rigidity.  
Although many challenges are yet to be tackled to reach optimum 
nanotubular drug carriers, this study might pave the way towards the design 
and application of multifunctional nanotubular drug delivery systems. 
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1 Introduction 
Nanotechnology is rapidly growing and has already highly affected our daily 
life. It is fair to say that Feynman revolutionized science by introducing the 
concept of nanotechnology 1,2. During the past decades, nanotechnology has 
been applied in many different domains from electronics and mechanics to 
medicine and pharmaceutics. One of the main issues to tackle in medicine is 
to design and fabricate efficient drug delivery systems. In general terms, drug 
delivery refers to the process of transporting and introducing a 
pharmaceutical compound into cells in order to safely achieve its therapeutic 
effect. Conventionally, “free” drugs are used to be administrated to patients. 
Those “free” drugs suffered from some physico-chemical limitations such as 
instability in biologic media, undesired distribution in body, rapid clearance 
and removal by immune system, etc. 
Novel drug delivery systems, benefiting from innovations in nanotechnology 
are mainly designed to overcome the limitations of traditional drugs while 
improving their biodistribution as well as enhancing their pharmacokinetics 
3. Nanotechnology provides the tools and possibility to fabricate 
biocompatible, biodegradable, stimuli-responsive and targeted delivery 
systems with a high control over their shape, size, chemistry and multi-
functionality. A survey in 2013 reported that 247 nanomaterial-based 
medical products had been already approved by Food and Drug 
Administration (FDA) and were at different stages of clinical study 4,5.  
Among them, nanoparticle-based drug delivery systems have gained a 
particular interest. Detailed researches proved indeed that by formulating 
biopharmaceutical components such as proteins, peptides and nucleic acids 
in nanoparticles, their therapeutic potential is highly increased. 
Nanoparticles should encapsulate the cargo with high efficiency and protect 
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them from premature drug release, undesired degradation while avoiding 
any triggers for unwanted immune responses.  Nanoparticle drug delivery 
systems can be fabricated from a vast range of materials such as liposomes, 
polymersomes, polymer micelles, silica, gold and silver metals, silica, 
titanium oxide and iron oxides, dendrimers, synthetic macromolecules and 
biomacromolecules 6,7.  
Nanoparticle based drug delivery systems may become more complex by 
fabricating particles of different shape, size, rigidity as well as surface 
function.  In this respect, template synthesis combined with layer-by-layer 
assembly provides unique tools to fabricate anisotropic micro and nano-sized 
structures such as nano-disks, nano-platelets, nanotubes and nanowires. 
Among those anisotropic nanostructures, hollow nanotubes present some 
notable advantages compared to nanospheres.  
 The size of nanotubes can be manipulated in at least two space 
directions, which increases the number of possibilities to engineer 
the nanocarriers 8,9. 
 Cylindrical carriers can carry larger drug payloads than nanospheres 
of the same diameter 8–10. 
 Likewise, for the same diameter, nanotubes may exhibit higher 
surface area than nanospheres. As a result, more agents (targeting, 
antifouling,...) can be assembled on the outer part of nanotubes than 
on nanospheres 8,9. 
 Nanotubes exhibit more possibilities of tailoring the functionality of 
the nanocarriers. They have different inner and outer surfaces that 
can be separately and selectively functionalized and, they have 
lateral and basal surfaces that can also be tailored separately 8,9,11. 
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 Nanotubes have longer circulation in vivo. They have fewer collisions 
with blood vessels walls than nanospheres. Moreover, it was 
recently reported that cylindrically shaped particles were 
internalized in cells much faster than spherical particles of the same 
diameter 12–14. 
In this context, the general aim of the present research work was to design 
and fabricate anisotropic multifunctional tubular nano-objects for the 
controlled delivery of proteins as therapeutic agent. To reach this aim, 
different key steps needed to be reached:  (1) multifunctional nanotubes 
including various components (especially proteins) had to be reproducibly 
fabricated, (2) a rigorous methodology to functionalize the outer surfaces of 
the nanotubes had to be implemented, (3) a robust process to transfer and 
disperse the nanotubes into a proper medium for in vitro tests had to be 
developed and optimized and finally, (4) a study of nanotubes-targeted cells 
had to be carried out.  
Apart from practical interests, some fundamental objectives were also 
envisioned:  
1. To investigate possible combination of different materials and nano-
assembly fabrication techniques to construct multifunctional nano-
sized objects, with a high degree of control over the shape and the 
localization of chemical functions. 
2. To provide an insight on nanotubes physical changes upon transfer 
from one medium to another.  
3. To demonstrate how a complex charged surface could be 
functionalized with functional groups.  
4. To investigate how the nanotubes shape, size and surface 
functionalization affect their stability and cellular uptake.  
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The developed global strategy to achieve these objectives is the following: 
The construction of nanotubes is based on membrane templating method, 
which means that the nanotubes are synthesized inside the pores of a 
nanoporous membrane.  This approach is a unique strategy providing 
monodisperse nanotubes with controlled dimensions (size and diameters). 
The length of the nanotubes is indeed determined by the thickness of the 
template, while the outside diameter of the tubes is dictated by the diameter 
of the template pores. Moreover, a wide range of materials ranging from 
organic polymers to synthetic and natural polyelectrolytes can be deposited 
within the pores of the membrane 15–19.   
To construct polyelectrolyte multilayer nanotubes, layer-by-layer (LbL) 
assembly is combined with membrane templating method. The LbL assembly 
simply consists of the alternative adsorption of interacting polymers (e.g. 
through electrostatic interactions and/or hydrogen bonds) into the pores of 
the template. Nanotubes composed of different polyelectrolyte building 
blocks are then released from the template by dissolving the template 
(polycarbonate membrane) in an organic solvent. By releasing the nanotubes 
from the membrane, their outer surface is exposed and available for further 
functionalization (e.g. grafting polyethylene glycol chains to achieve 
antifouling characteristics). Afterwards, nanotubes are transferred to 
aqueous medium suitable for biological applications and their interaction 
with immune dendritic cells is observed (Error! Reference source not 
ound.).   
 
Chapter 1 - Introduction 
5 
 
 
Figure 1.1. Schematic representation of strategies developed in this thesis. 
(a) LbL assembly is combined with template synthesis to fabricate 
multilayered nanotubes, (b) the template is dissolved in an organic solvent 
and nanotubes are released. Nanotubes are then collected and transferred 
to aqueous medium by an adjuvant-assisted method, (c) surface of 
nanotubes is functionalized with PEG chains, by using block and graft 
polyelectrolyte-PEG copolymers or by grafting PEG chain with covalent 
bonding on nanotubes surface, (d) dendritic cells uptake multilayered 
nanotubes by phagocytosis.  
 
Thesis structure  
The second chapter overviews the basis of this research. Layer-by-layer 
assembly and template synthesis methods are introduced and the outcome 
of combining these two methods is explained. Since the model drug in this 
research was a protein, a brief review of proteins and their structure is 
mentioned. Afterwards, the effect of surface functionalization with 
antifouling moieties is explained. In the end, possible interactions of micro- 
and nano-sized objects with cells are introduced.   
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The third chapter discusses the assembly of multilayer flat films and 
multilayer nanotubes and compares their growth. The possibility of capping 
nanotubes ends with nanoparticles is also explained.  
The fourth chapter is dedicated to different processes to collect and transfer 
nanotubes in aqueous medium for further biological applications are studied. 
A universal method allowing the quantitative collection of membrane 
templated nanotubes of different compositions and rigidity is described. 
Changes in rigidity of nanotubes prior and after being dispersed in aqueous 
medium are also evaluated.  
The fifth chapter focuses on surface functionalization of multilayer planar 
films and multilayer LbL assembled nanotubes with antifouling poly(ethylene 
glycol) chains.  
The sixth chapter reports on stability of nanotubes in cell culture medium 
and their phagocytosis by dendritic cells.  
Finally, the thesis is concluded in the seventh chapter by a brief summary of 
the results and some perspectives on the use of multilayered LbL assembled 
nanotubes for further biological applications are suggested.  
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2 Overview 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter aims to overview the fundamental basis of this research. Layer-
by-layer (LbL) assembly technique as well as template synthesis method are 
described and their main advantages are pointed out. Followed by discussing 
the combination of these two versatile techniques. Focus is made on 
combining LbL assembly and template synthesis within the pores of porous 
planar templates to fabricate nanotubes. Next, we move on towards delivery 
of therapeutic agents to cells and the uptake process by dendritic cells is 
briefly discussed. Since the model drug in this research is a protein, an 
overview of using protein-containing multilayer assembled structures for 
biological applications is discussed. We emphasize protein-containing LbL 
assembled nanotubes, give a summary of the latest advances in this 
particular subject, and then briefly point out the missing techniques in order 
to use such nanotubes for biomedical applications. In the end, the interest of 
assembling different anti-fouling moieties on the desired surfaces and their 
potential for biological applications is briefly discussed.  
Chapter 2 - Overview      
 
10 
 
2.1 LbL assembly 
The root of this research lies in layer-by-layer assembly (LbL) methodology. 
LbL assembly was introduced in 1991 by Decher et al. as a simple, versatile 
and inexpensive bottom-up method to fabricate multilayered structures 1–5. 
Since then, it has been rapidly expanded to become a method of choice for 
the preparation of nanoscaled materials with tailored properties.  
In this method, a solid support with a charged surface is exposed to a solution 
containing a species of opposite charge. Opposite charges are adsorbed on 
the surface of the support, due to electrostatic interactions. Since the 
adsorption is non-stoichiometric, the sign of the surface charge is reversed 
promoting the adsorption of the next layer. A rinsing step is performed to 
remove unbound material and avoid contamination of the next deposition 
solution. The substrate is exposed to the second solution, containing 
opposite charged species followed by another rinsing step.  The electrostatic 
adsorption occurs once again and another layer is added to the substrate 
(Figure 2.1). A couple of positive and negative layer is called a bilayer. The 
whole cycle can be repeated until the desired number of bilayers is  
achieved 6.  
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Figure 2.1. Schematic representation of LbL assembly; (a) immersing the 
positively charged substrate in polyanion solution, reversing the surface 
charge of the substrate, followed by a rinsing step. Then, the coated 
substrate is immersed in a polycation solution followed by another rinsing 
step, (b) simplified representation of surface charges during the LbL 
assembly, (c) chemical structure of two typical polyelectrolytes, polystyrene 
sodium salt (PSS) and poly(allylamine) hydrochloride 1. 
 
The LbL assembly is extremely versatile and a broad range of materials such 
as polymers, lipids, DNAs, proteins and organic or inorganic small molecules 
can be assembled on different substrates 7–13. Such a wide choice of materials 
allows the multilayers to be engineered for different applications ranging 
from optics and catalysis to biomedicine (Figure 2.2).  
LbL assembly is not restricted to electrostatic interactions only. In fact, LbL 
assembly can be operated successfully based on hydrogen bonding, 
hydrophobic interactions, covalent bonding and complementary base  
pairing 14–17. 
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Several parameters influence the growth of polyelectrolyte multilayers such 
as the nature of the substrate, the polyelectrolyte molar mass and 
concentration, the depositing solutions pH and ionic strength, dipping 
duration and last but not least, the introduction of an intermediate drying 
step. 
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Figure 2.2. An overview of LbL assembly versatility. (a) Substrates with 
different shape, size and morphology can be used while the building 
components can be chosen among a wide range of materials,  (b) Schematic 
view of assembly over a planar surface, (c) how the assembly method affects 
the properties of fabricated multilayered structure as well as application area 
18. 
 
The effect of pH on LbL assembly is complex. Shiratori et al 19 studied the 
effect of pH on the thickness of weak polyelectrolyte layers deposited on a 
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flat surface. They proved that the thickness of the absorbed layer depends 
on the charge density of adsorbing polymers, the charge density of the 
surface on which adsorption is taking place as well as the conformation of 
the polymer chains.  
When a free polymer chain is adsorbed on the surface, there will be an 
entropic loss because the previously free chain has to be spread into a flat 
conformation on the surface. In the same time, the system will have an 
enthalpic gain due to the free energy of adsorption 19. However, the enthalpic 
gain by electrostatic interactions cannot be the main driving force of 
multilayers build-up. The first reason is that electrostatic interactions can 
occur between charged polyelectrolytes and small counter ions or between 
two oppositely charged polyelectrolytes. In both cases, polyelectrolyte 
charges are compensated. The former case leads to no growth while the 
latter leads to growth of multilayers. Second, it is known that during the 
assembly, oppositely charged polyelectrolytes interact and the surface 
charge is reversed. Such a reversal in charge needs a high energy and the 
adsorption should probably stop at zero surface charge. Finally yet 
importantly, multilayers growth has been observed at high ionic strength 
solutions where most of electrostatic interactions are screened. Considering 
these cases, it must be admitted that enthalpic gain is probably playing a role 
but is not the sole cause of multilayers assembly. Indeed, the gain in entropy 
due to the release of counterions acts as a driving force in assembly and has 
a crucial impact on multilayers build-up as well 20.  
 In one particular study, the effect of temperature on growth of strong 
polyelectrolyte pair (polydiallyldimethylammonium chloride and polystyrene 
sulfonate) (PDADMAC/PSS) was observed. It was shown that by increasing 
the temperature the thickness of those multilayers was strongly increased. 
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This is probably due to overcoming activation barriers and the higher 
mobility of polyelectrolyte chains in solution towards the surface leading to 
higher amount of released counterions 21. This proves that indeed entropic 
gain plays a major role in multilayers build-up.  
Counterions are able to screen the charges along the polyelectrolyte chains. 
In a solution with a high ionic strength, polyelectrolytes have a more coiled 
conformation with a lower net charge, resulting in formation of thicker 
multilayers. In contrast, at low ionic strength, the polymer coils tend to decoil 
during adsorption, creating thin flat films 6,15,22–25.  
The type of ions can also affect the multilayers buildup and the properties of 
the obtained films 21. Ions have been previously classified according to their 
ability to precipitate certain proteins from an aqueous solution by 
Hofmeister 26. The ion specific effect on multilayers growth occurs in 
solutions with ionic strength higher than 0.1 M in which the interaction 
between polyelectrolytes and counterions is dominant and follows the 
“Hofmeister series” 21,27. According to Hofmeister series, some ions have 
stronger interactions with water molecules than water molecules 
themselves. These ions are called kosmotropes or structure makers. Ions 
such as sulfates, F- or Na+ are kosmotropes and have a large hydration shell. 
In contrast, other ions have weaker interaction with water molecules and are 
called chaotropes or structure breakers. Ions such as I- or Cs+ are chaotropes 
and have a smaller hydration shell that can easily be replaced by other 
species. Chaotropic ions interact strongly with opposite charged 
polyelectrolytes and cause stronger screening of charges along the 
polyelectrolyte chain, leading to higher coiling and formation of thicker 
multilayers 20,27. It is observed that ion specific effects are more significant 
for anions than cations however; both must be taken into account when 
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multilayer assembly is carried out at high ionic strength solutions. The case 
becomes more complicated when monovalent and divalent ions are 
compared. It should be pointed out that the effect of ions cannot be 
exclusively studied and the ensemble of ion-macromolecule pairs must be 
taken into account 27,28.  
Polyelectrolytes molar mass plays an important and yet complex role during 
the assembly. One should keep an eye on charged groups as well as 
hydrophobic domains along the polyelectrolyte chains. In order to assemble 
multilayers, there must be a minimum charge density along the chains and 
in order to stabilize the newly formed layers, hydrophobic domains must 
interact with each other. Short highly charged polyelectrolyte chains produce 
thin layers that are much less interconnected compared to highly interlocked 
multilayers obtained from long chain polyelectrolytes. In addition, soluble 
polyelectrolyte complexes might form at the solid/liquid interface when 
assembly is carried out from short chain polyelectrolytes resulting in the loss 
of matter during the assembly process 29,30. To stabilize such systems and 
increase the growth, it is suggested to increase the ionic strength of assembly 
and rinsing solution 31. Indeed, non-electrostatic short range hydrophobic 
interactions play an important role in formation and stabilization of the 
multilayers 32. Polyelectrolytes with a high molar mass composed of charged 
groups and long hydrophobic segments produce stable and thick multilayers. 
During the buildup, charged groups interact electrostatically while a large 
amount of matter is also deposited due to the presence of hydrophobic 
segments. However, if the length of uncharged hydrophobic segment is 
larger than a certain value, small aggregates may occur in solution because 
of intramolecular interactions and thus, multilayer growth is hindered 32. 
Considering all this, it is concluded that there exists a critical charge density 
for each polyelectrolyte for any polyelectrolyte pair. Below this critical 
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charge density value, oppositely charged polyelectrolytes form unstable 
complexes that may disassemble resulting in no growth 33,34. Above this 
charge threshold, assembly occurs and the thickness of resulting multilayers 
depends on the conformation of polyelectrolyte chains in solution as well as 
their interactions upon adsorption 35. 
Applying a drying step during the assembly also affects the film growth. It has 
been observed that thinner, less dense multilayers are obtained when the 
adsorbed layers were always kept wet during the assembly 6.  
Overall, the growth of multilayers can be tuned by playing with different 
parameters, providing the opportunity to fabricate films of desired 
structures. 
2.2 Template synthesis 
LbL assembly can be operated on the outer surface of colloidal particles. 
These particles can be either isotropic (spherical particles) or anisotropic with 
high aspect ratio (rods, fibers).  
To obtain isotropic colloidal particles coated with multilayers LbL assembly is 
carried out on the surfaces of solid spheres of calcium carbonate (CaCO3), 
melamine formaldehyde, polystyrene or silica or gold particles. These 
particles are mostly in the range of 0.1 - 10 µm 11,36. However, in one 
particular case, gold nanoparticles of 13.5 nm diameter were successfully 
coated with PAH/PSS multilayers 37. These spherical templates can be 
subsequently removed in order to obtain hollow capsules with a 
polyelectrolyte shell (Figure 2.3). Polystyrene core is removed by using 
tetrahydrofuran, while melamine formaldehyde is decomposed under strong 
acidic conditions and gold nanoparticles are dissolved in aqueous solution 
containing potassium cyanide. CaCO3 particles are removed by 
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ethylenediaminetetraacetic acid (EDTA) and silica particles are removed by 
HF/ammonium fluoride 11,37,38. Two methods are available to load desired 
macromolecules in these capsules. In the first method, the capsule 
membrane is reversibly permeabilized by specific stimuli so that the desired 
molecule can diffuse through the capsule structure and then the capsule 
membrane is closed in order to trap the macromolecule within the structure. 
In the second method, porous colloidal templates such as silica or CaCO3 are 
preloaded with the desired molecule and then coated by LbL assembly 11,36. 
During the dissolution of the core, these macromolecules remain entrapped 
in the hollow capsule. Micrometer sized capsules have a broad application 
range including encapsulation and controlled release of drugs, genes, 
cosmetics, as well as sensing and catalysis 39–44. 
 
Figure 2.3. (a - f) Schematic representation of LbL assembly over a spherical 
particle, followed by subsequent removal of the core, resulting in formation 
of a multilayered shell. (g) SEM image of (PAH/PSS)4/PSS shells, (h) TEM 
image of stained (PAH/PSS)4/PSS shell 44.  
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Filamentous structures are obtained from LbL assembly on anisotropic 
colloidal templates that have high aspect ratio. Nickel nanorods with an 
average diameter of 65 nm and average length of 1.5 µm were successfully 
coated with PDADMAC/PSS multilayers 45. Carbon microfibers with a 
diameter of 8 – 12 µm were also coated by PDADMAC/silicalite-1. Hollow 
tubular shell is obtained after calcination and removal of the carbon 
microfiber core (Figure 2.4) 46. 
 
Figure 2.4. SEM images of (a) a carbon microfiber, (b) microtube obtained 
by LbL assembly over the carbon microfiber 46. 
 
Halloysite, tubular alluminosilicate clay with 15 nm inner diameter and 0.5 – 
1 µm length has also been used as a template for multilayer assembly 47,48. 
The outer surface of halloysite tubes is composed of silicon oxide while their 
inner surface is composed of aluminum oxide. Thus, at the pH range of 2 – 8, 
halloysite tubes have a negatively charged outer surface and a positively 
charged inner surface that are suitable for multilayer assembly.  
Although advantages of using colloidal particles as templates for multilayer 
assembly are numerous, they suffer from a main disadvantage: their tedious 
preparation procedure 36. For each layer deposition, strong centrifugation 
and sonication steps must be applied. These steps may result in irreversible 
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aggregation especially for small, nano-sized particles. Therefore, developing 
an alternative method that eliminates those steps is highly favorable.  
2.2.1 Nanoporous planar templates  
About 20 years ago, Martin et al. reported on the fabrication of well-defined 
cylindrical hollow structures from a variety of materials using supramolecular 
templating synthesis. Tubular structures are constructed inside the pores of 
a nanoporous planar membrane, such as anodic aluminum oxide (AAO) or 
track etched polycarbonate (PC) membranes, and can be released by 
dissolving the template 49. This hard templating method is highly 
advantageous due to its simplicity, versatility, and robustness. A wide range 
of materials from metals to semiconductors, organic polymers, and synthetic 
and natural polyelectrolytes as will be shown here, can be deposited within 
the pores of the membrane 10,50–56. Deposition methods vary from chemical 
vapor deposition (CVD) to electrochemical deposition, sol−gel, chemical 
polymerization, electroless plating, and, more recently, layer-by-layer (LbL) 
assembly 57–61.  
Anodic Aluminum oxide (AAO) templates are commercially available in 
various dimensions (template thickness ∼ 10 - 200 µm; pore diameter ∼ 10 
- 150 nm; pore density ∼ 109 - 1011 pores.cm-2) (Figure 2.5.a). To create the 
nano-sized pores within the film of alumina the film is subjected to a two-
step anodization. The pore dimensions of AAO templates are strictly 
dependent on the synthesis conditions. The template thickness is controlled 
by the anodization time and the pore diameters can be tailored by varying 
the conditions of anodization. However, it must be noted that there is a 
dependency between the pore size and pore density in AAO templates. The 
higher the pore density, the smaller their size and vice versa 62–65. 
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Nanoporous track-etched polycarbonate (PC) membranes with controlled 
pore geometry, pore size and density are commercially available (template 
thickness ∼ 10 - 25 µm; pore diameter ∼ 0.1 - 12 µm; pore density ∼ 1.10 5-
6.108 pores.cm-2) (Figure 2.5.b) 66. In contrary to AAO templates, pore size 
and pore density of PC membranes are independent. 
 
Figure 2.5. SEM images of nanoporous planar templates (a) AAO, (b) track-
etched PC 66,67. 
 
Fabrication of track-etched membranes consists of a two-step process. First, 
the PC film is bombarded with energetic heavy ions accelerated in a 
cyclotron. Because of this bombardment, the polymer chemical bonds are 
damaged, leading to the creation of linear damaged tracks. In the second 
step, these tracks are chemically etched. This etching process is performed 
in successive temperature-regulated baths filled with hydrogen peroxide, 
caustic soda and acetic acid solutions. At the end of this etching process, the 
so-called “track-etched” membranes are obtained 66,68. 
2.3 Combining template synthesis with LbL assembly 
The innovative idea of LbL assembly within the pores of a nanoporous planar 
membrane was introduced around 2003 7,88. By combining LbL assembly with 
template synthesis, a variety of species such as polyelectrolytes, charged 
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biomacromolecules, and nanoparticles can be deposited within the pores of 
membranes, resulting in the formation of cylindrical nanotubes with well 
controlled and tunable outer diameter, length, composition and wall 
thickness 9,69–73 (Figure 2.6). In this work, this flexibility will be used to 
fabricate anisotropic carriers for biomedical applications. 
 
Figure 2.6. Schematic representation of multilayer PE nanotube construction 
via LbL assembly within the pores of a nanoporous planar template. 
 
Multilayer nanotubes are released from the template by dissolving 
(sacrificing) the template. AAO templates can be etched in aqueous solutions 
of either pH ≤ 4.5 or pH ≥ 8.5. PC can be dissolved in common organic solvents 
such as dichloromethane (CH2Cl2) and dimethylformamide (DMF). Usually, 
PC templates are preferred to AAO templates, considering their gentler 
dissolution conditions. 
Many groups have managed to fabricate these nanotubes by template-
assisted LbL assembly with different polyelectrolytes and have studied their 
structure thoroughly 52,71,74–78. It is generally shown that the thickness of 
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multilayer polyelectrolytes in the nanoporous membranes is higher than on 
flat surfaces 77,79. Alem et al. demonstrated that the multilayers growth 
within the pores of a membrane is independent of the molecular weight or 
the ionic strength of the solutions and is solely dependent of the membrane 
pore size at pore diameters smaller than 250 nm 77.  
Roy et al. 80 showed the existence of two growth regimes for multilayer 
polyelectrolyte structures in nanopores. The first regime is similar to the 
growth on flat surfaces. Polyelectrolyte chains approach the pore walls and 
are adsorbed as on flat surfaces. After deposition of a certain number of 
bilayers, the polymer chains start to entangle inside the pores. At this 
moment, the second growth regime begins. The second regime is slower in 
terms of kinetics since diffusion becomes a limiting mechanism. The 
interconnection between polyelectrolyte chains inside the pores results in 
the formation of a dense gel that may clog the pore and prevent any further 
deposition. One must not forget that multilayer polyelectrolytes are highly 
hydrated thus, when brought to the dry state, these hydrated structures will 
shrink and the layer thickness will be decreased (Figure 2.7).  
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Figure 2.7. Schematic representation of multilayer polyelectrolyte structures 
within the pores of the membrane corresponding to regime 1 and 2, prior 
and after drying 80.  
 
2.4 Delivery of therapeutic agents to desired cells  
One of the main objectives of this work is to deliver a specific 
macromolecular cargo to cells. Hereby, a few studied cell types and their 
interest in drug delivery applications are introduced and then focus is made 
on dendritic cells as model cells for vaccine-delivery studies and the model 
antigen to be delivered to these cells.  
Mesenchymal stem cells (MSC) are adult stem cells and are mostly found in 
the bone marrow. These cells can differentiate to form several types of cells 
belonging to our skeletal tissues such adipocytes (fat), cartilage, bone, 
tendons, muscle and skin. These cells are highly interesting for cellular 
therapeutics especially for regenerative medicine 81. In contrast, malignant 
cell lines are also quite interesting since they are easy to culture and can be 
used to observe the effect of therapeutic substance on malignant tumors. 
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HeLa cell line is widely used as a model cell line for cancer research. Jurkat 
cells are used as a model for T cells. They are mostly used to study the 
response of cancerous T cells to radiation and therapeutic agents 81.  
Immune cells such as B cells, macrophages and dendritic cells are studied for 
immunobioengineering since they are all antigen presenting cells (APC) 82. 
Among all, dendritic cells are the most specialized since they are capable of 
presenting antigens to naïve T-cells. Pathogens are recognized and uptaken 
by dendritic cells. Next, dendritic cells mature and express major 
histocompatibility complex (MHC) molecules on their surface. These 
molecules are recognized by T-cells and result in the production of memory 
T-cells, helper T-cell and cytotoxic T-cells 83–86 (Figure 2.8). Significant amount 
of research has been dedicated to modulation of immune response by 
introducing pathogens to dendritic cells. For instance, dendritic cells can be 
isolated and specific antigens can be presented to dendritic cells in vitro. 
After ingestion and further processing of those antigens, dendritic cells with 
antigens expressed on their surface can be introduced to the organs in vivo 
in order to communicate with T cells 87,88. 
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Figure 2.8. Schematic representation of dendritic cells interaction with 
pathogens. The pathogen is first recognized by immature dendritic cells and 
is then uptaken. The pathogen is degraded by immature dendritic cell upon 
maturation and some fragments of the pathogen are expressed on the 
surface of matured dendritic cell using MHC molecules. Naïve T-cells 
recognize MHC molecules and become activated to form cytotoxic T-cells, 
helper T-cells and memory T-cells (Images are extracted and modified from 
89).  
 
Nanoparticles can be used as carriers to encapsulate and protect vaccine 
antigen and deliver the cargo to dendritic cells. These nanoparticles are 
internalized by dendritic cells through different pathways and are then 
processed inside the cell. The mechanism of cell internalization is important 
and may affect the induced immune response 83. These mechanisms are 
mostly influenced by the physicochemical properties of the nanoparticles. 
Depending on these properties, there are two main internalization pathways: 
phagocytosis (cell-eating) or the other endocytic pathways (cell-drinking). 
Colloidal particles are mostly internalized via phagocytosis 90. 
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Phagocytosis plays a major mechanism in an organism immune system 
against non-self elements such as pathogens (most bacteria and some 
viruses) as well as exogenous particles (such as colloidal drug carrying 
particles). Phagocytosis occurs mainly in specific cell-types, such as 
macrophages, monocytes, neutrophils and dendritic cells. During the 
phagocytic activity, three steps take place. First, the particle is recognized 
and identified as a foreign object in the blood stream by the opsonization 
process. During the opsonization process, the foreign object is tagged by 
proteins (such as immunoglobulins) called opsonins in order to make the 
foreign object visible for the macrophages. Afterwards, the opsonized 
particle adheres to the macrophages; third, the particle is ingested by the 
macrophages (Figure 2.9) 91. 
In most cases, colloidal particles should have a minimum size of 250 nm to 
undergo phagocytosis. However, macrophages are well capable of eating 
much bigger particles 92.  
 
Figure 2.9. Schematic representation of particle internalization into cells by 
phagocytosis. (Images are extracted and modified from 89). 
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The shape of particles also affects the phagocytosis process. A study was 
dedicated to phagocytosis of disk-shaped particles. It was found out that the 
local particle shape at the contact point with the cell dictates whether the 
phagocytosis will take place. For instance, if the particle touches the cell by 
its pointy-head, it will be internalized. On the other hand, if the particle lays 
with its flat face on the cell surface, internalization does not take place even 
after 12 hours 93. Another interesting parameter that affects phagocytosis is 
the rigidity of the particle. Macrophages have a higher preference for rigid 
particles. This could be related to the fact the cell walls of bacteria and other 
pathogens is mostly more rigid than their targeting tissue 91.  
 Nanoparticles containing different antigens such as DNA and proteins have 
been introduced to dendritic cells to observe their phagocytosis process and 
dendritic cell activation 94. Using a well-known model antigen is favored since 
the main interactions and responses are known. One of the well-known 
protein families are the albumins. These globular proteins are mostly found 
in blood. Ovalbumin in the major protein component of chicken egg white 
and is available for a rather cheap price. By studying antibodies binding to 
ovalbumin, the immunogenic epitopes of ovalbumin were mapped. All in all, 
ovalbumin is one of the most characterized and studied antigens and is 
widely used as an antigen for immunization experiments 95–100.  
The primary, secondary and quaternary structures of multimeric ovalbumin 
complex are shown in Figure 2.10. Ovalbumin is composed of amino acids 
with, depending on the pH, positively charged side chains as well as amino 
acids with negative side chains. Thus, ovalbumin can be used as a building 
block for LbL assembly and depending on the solution pH, ovalbumin acts as 
either a polycation or a polyanion 101. 
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Due to the particular interest in using dendritic cells to develop novel 
vaccine-delivery system and to use ovalbumin as a model antigen, we opted 
to use ovalbumin as the therapeutic agent to be delivered to dendritic cells. 
To this aim, ovalbumin must be incorporated within the designed drug-
carrier structure.  
 
Figure 2.10. Top: Amino acid sequence of ovalbumin. Amino acids with 
negatively charged side chains (D: aspartic acid, E: glutamic acid) are marked 
with blue. Amino acids with positively charged side chains (K: lysine, R: 
arginine, H: histidine) are marked with red. Bottom: The secondary structure 
of ovalbumin is shown (α-helices and β-sheets), two ovalbumin proteins are 
associated with each other to form a multimeric structure 101.  
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2.5 Proteins and biomacromolecules in LbL assembly  
2.5.1 Protein and biomacromolecule containing LbL assembled flat 
systems  
Incorporating proteins as biomacromolecules in multilayer assembled 
structures has been extensively studied. It is shown that water soluble 
proteins such as cytochrome c, myoglobin, lysozyme, histone, hemoglobin 
and glucose oxidase can be used to construct multilayer assembled films 102. 
These proteins remained stable and retained their functionality after 
assembly 103. 
Multilayers of glucose oxidase (GOX) enzyme and polyethylenimine (PEI) 
were fabricated and the enzymatic activity of GOX was evaluated. It was 
shown that GOX maintained its oxidative activity for 14 days. In addition, it 
was found that by incorporating the enzyme in multilayers, its tolerance 
towards fluctuations in temperature is significantly enhanced. GOX 
containing films retained 90 % of their activity after being incubated at 50 °C, 
while the activity of GOX aqueous solution was almost zero after incubation 
104.  
Hammond et al. 105 constructed LbL assembled multilayer flat films 
composed of ovalbumin and hydrolytically degradable poly-β-amino ester 
(PBAE) polycations as a model for transcutaneous protein delivery system. 
Upon degradation of PBAE, non-aggregated and non-degraded ovalbumin 
protein is released and is uptaken by skin-resident antigen presenting 
Langerhans cells (Figure 2.11).  
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Figure 2.11. Schematic representation of (a) applying hydrolytically 
degradable polyelectrolyte multilayers containing ovalbumin model antigen 
on tape-stripped skin, (b) upon degradation of PBAE component, ovalbumin 
is release and is uptaken by skin-resident Langerhans cells 105.  
 
Other systems for tunable release of ovalbumin protein were also developed 
by using different combinations of two pH sensitive polycations with 
different pKa and charge density (poly-L-lysine (PLL) and PBAE), and 
ovalbumin as polyanion. The release kinetics of ovalbumin can be fine-tuned 
by varying order and the ratio of these two polycations from 0.3 to 79 hours 
106.  
Proteins can also be loaded within the structure of a multilayer assembled 
film. In a particular case, PLL was used as polycation and hyaluronic acid (HA) 
was used a polyanion for LbL assembly of a multilayer film over a titanium 
substrate. These layers were then crosslinked at different degrees and were 
loaded with bone morphogenetic proteins (BMP-2). It was observed that 
both protein loaded and unloaded multilayers were stable for almost one 
year at 4 °C 107. Another LbL assembled system composed of chitosan 
(polycation) and poly(β-L malic acid) (polyanion) was fabricated and loaded 
with either lysozyme or fibroblast growth factor-2 (bFGF). The sustained 
release of these proteins was carefully monitored. Lysozyme showed a 
tunable release from 30 minutes to more than 5 days while bFGF had a 
sustained release up to 2 weeks 108,109.  
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2.5.2 Protein and biomacromolecule-containing LbL assembled 
spherical systems  
Microcapsules containing biomacromolecules have been developed and 
their application has been studied thoroughly. Multilayers of protamine and 
dextran sulfate were assembled on melamine formaldehyde microparticles. 
Protamine is a strong basic protein and has a high content of arginine thus, 
was chosen as polycation while dextran sulfate was chosen as polyanion. The 
core was dissolved at low pH and a swollen hollow shell was obtained. Hollow 
capsules were next loaded with horseradish peroxidase. Those capsules 
demonstrated high oxidative activity and were stable for 12 months 110. 
Hollow capsules with stimuli responsive shells were developed by Li et al 111. 
Multilayers of GOX and catalase (CAT) were deposited on insulin particles via 
LbL assembly and were crosslinked by glutaraldehyde resulting into 
formation of microcapsules with glucose sensitive shell and insulin cargo. 
When these capsules come in contact with glucose, the shell undergoes an 
oxidative reaction which results into production of H+ and therefore, the pH 
of the microenvironment is decreased, leading to an increase in the 
permeability of these capsules and release of insulin cargo 111. 
Biodegradable microcapsules were fabricated by LbL assembly of poly-L-
arginine (PLA) (as polycation) and dextran sulfate (DEXS) (as polyanion) over 
CaCO3 microparticles. Hollow capsules were obtained by removing CaCO3 
core and were loaded with fluorescent-tagged ovalbumin. The capsules were 
next incubated in an aqueous pronase solution. Pronase is a mixture of 
different proteases and is able to cleave amino acids. It was observed that 
capsules degraded overtime and ovalbumin cargo was released in a timely 
fashion 112,113.  
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In another work, (PLA/DEXS) hollow capsules were loaded with self-
quenched fluorescent-tagged ovalbumin (DQ-OVA) and were incubated with 
dendritic cells. After being uptaken by dendritic cells, the capsule shell is 
degraded and intracellular protease can reach and cleave DQ-OVA cargo, 
resulting into relieving the self-quenching and obtaining fluorescence 
emission. Control capsules composed of (PAH/PSS) shell, loaded with DQ-
OVA were also incubated with dendritic cells and retained their integrity 
upon uptake and the DQ-ovalbumin remained self-quenched (Figure 2.12) 
114–116.  
 
Figure 2.12. (a) TEM image of a dendritic cell stretching out to capture a 
hollow microcapsule, (b) schematic representation of capsule shell 
degradation, followed by cleaving fluorescent self-quenched ovalbumin 
cargo and revoking the fluorescence signal, (c) Intracellular degradation of 
(dextran sulfate/poly-L-arginine) capsules containing fluorescently quenched 
ovalbumin protein (DQ-OVA) over time 116. 
 
Microcapsules can also be fabricated from hydrogen-bonding interacting 
species. Microcapsules composed of poly(vinylpyrrolidone) and tannic acid 
were fabricated by LbL assembly over a porous mannitol core. Next, 
fluorescent-tagged ovalbumin was loaded within the pores of mannitol. The 
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mannitol core was dissolved upon dispersion in aqueous solution resulting in 
formation of ovalbumin loaded hollow capsules Figure 2.13.a and 
Figure 2.13.b. These capsules are successfully uptaken by dendritic cells as 
shown in Figure 2.13.c. It is observed that encapsulation of protein antigens 
compared to soluble antigen, promotes humoral and cellular immune 
response in vivo 117. 
 
Figure 2.13. (a) SEM and (b) TEM images of a (ovalbumin/ tannic acid/ 
poly(vinylpyrrolidone) microcapsules, (c) confocal microscopy images of 
these microcapsules after phagocytosis by dendritic cells. The cell nuclei 
were stained blue, the cell membrane was conjugated with a red fluorescent 
dye, and microparticles contained green fluorescent conjugated ovalbumin 
117. 
 
2.5.3 Protein and biomacromolecule-containing LbL assembled 
nanotubular systems 
Incorporation of biomacromolecules in fabrication of LbL assembled 
template synthesized nanotubes was first suggested by Martin et al 74. They 
fabricated glucose oxidase/glutaraldehyde and hemoglobin/glutaraldehyde 
containing nanotubes by vacuum filtration of proteins through the pores of 
AAO templates. Nanotubes were freed by dissolving the AAO template in an 
acidic solution and were collected by vacuum filtration. Liberated glucose 
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oxidase containing nanotubes showed higher oxidation activity compared to 
nanotubes embedded in the pores of the template. Hemoglobin containing 
nanotubes also retained their heme electroactivity. This study showed that 
biomolecules can successfully be integrated in multilayer nanotubes while 
retaining their structure and biological activity 74. Nanotubes containing 
other proteins such as cytochrome C or synthetic hemoprotein were also 
fabricated and it was shown that they retained the electronic activity as well 
as biochemical activity of the proteins 69,71. 
Since the release of nanotubes from AAO template demands an etching 
process in highly acidic or basic solutions, the use of PC membranes became 
more in fashion due to their milder dissolution process. Nanotubes 
composed of peroxidase and synthetic polyelectrolytes were fabricated 
within the pores of a PC membrane. Bioactivity of template-embedded tubes 
was measured and it was observed that such activity depends on the number 
of enzyme layers deposited inside the pores 118. Our group has also 
extensively studied enzyme containing LbL assembled nanotubes. It was 
observed that very active surfaces are obtained by assembling a very few 
number of enzyme multilayers (chitosan/β-lactamase) within the pores of a 
membrane 79. In our most recent study, it was shown that liberated  
enzyme-containing nanotubes (polyethylenimine/glucose oxidase) had a 
higher enzymatic activity compared to template-embedded nanotubes and 
this higher activity is in proportion to their larger exposed surface 
(Figure 2.14) 119. These results promote the potential of LbL assembled 
template synthesized nanotubes for biocatalytic applications. Hemoglobin-
based nanotubes with an interior surface of catalase showed promising H2O2-
scavenging capacity in vitro, proving their potential application in the 
treatment of oxidative stress 120. 
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Figure 2.14. Schematic representation of an enzymatic reaction in (a) 
template-embedded nanotubes, (b) released nanotubes 121. 
 
Apart from enzyme containing systems, multilayered nanotubes containing 
fibrillar and globular proteins were also developed. Collagen-based 
nanotubes were successfully fabricated in our group by assembling 
multilayers of collagen and synthetic polyelectrolytes within the pores of a 
PC membrane. It was observed that membrane dissolution in CH2Cl2 does not 
affect the structure and morphology of nanotubes 52,122. After release from 
the template, those collagen-based nanotubes were deposited on a flat 
surface and were put in contact with preosteoblast cells, resulting in 
remarkable changes in cell morphology while the cell behavior was not 
altered 123.  
Globular proteins of different size were incorporated in the structure of LbL 
assembled nanotubes. To that aim, polyelectrolyte solutions of a polycation 
(poly-L-arginine) and different polyanions (myoglobin, human serum 
albumin (HSA) and ferritin) were deposited in the pores of PC membrane by 
pressure filtration (Figure 2.15). It must be pointed out that in most cases, 
when assembly is carried out by filtering polyelectrolyte solutions inside the 
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pores, the wall-thickness of fabricated nanotubes is higher than nanotubes 
fabricated by simple immersion of equal number of bilayers. Nevertheless, it 
was shown that the wall-thickness of protein-based nanotubes depends on 
the globular size of the utilized protein (ferritin > HSA > myoglobin) 124. 
 
Figure 2.15. SEM images of (poly-L-arginine/human serum albumin) 
nanotubes prepared by (a) assembling 3 bilayers in a 200 nm porous PC 
template; (b) assembling 6 bilayers in a 800 nm porous PC template 124. 
 
Protein-based nanotubes with a PLA/HSA core and functional inner or outer 
surfaces were fabricated within the pores of PC membrane. In one example 
125, the innermost layer of these nanotubes contained a protein, avidin, that 
strongly complexed with biotinylated fluorescent nanoparticles (biotin-FNP). 
Biotin-FNPs of 100 nm size were able to enter the hollow tubes of 200 nm 
diameter, while 250 nm biotin-FNP particles did not enter the tubes due to 
their bigger size (Figure 2.16.a and Figure 2.16.b). Another interesting system 
was designed with an inner layer of hepatitis B antigen that was able to trap 
human hepatitis B virus (HBV) particles 121,126,127. Nanotubes with an outer 
layer of magnetic Fe3O4 and PLA/HSA core were also fabricated by LbL 
assembly. It was observed that those nanotubes could successfully be 
collected at a certain place by using a small magnet 121,128. Microtubes with 
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25 µm length, 1 µm outer diameter and 150 nm wall thickness composed of 
PLA/HSA were used to trap Escherichia coli bacteria (0.4 – 0.7 µm width and 
2 – 4 µm length) inside the tubes. While some E.coli bacteria could not enter 
the tubes, other smaller bacteria were able to reach the depth of the tubes 
(Figure 2.16.c-e) 129.  
 
Figure 2.16. (a) Schematic representation of (biotin-FNP) nanoparticles 
capture in hollow nanotubes of (PLA/HSA) of 200 nm inner diameter 
containing avidin innermost layer. Biotin-FNP with 250 nm diameter cannot 
enter the nanotubes while biotin-FNP with 100 nm can enter the tubes, (b) 
TEM image of avidin containing (PLA/HSA) nanotubes prior and after 
internalization of 100 nm biotin-FNP 121, (c) Schematic representation of 
E.coli bacteria trapped inside microtubes, (d) and (e) An overlap of DIC and 
CLSM images of fluorescent microtubes (green) with red fluorescent-labeled 
E.coli. (d) E.coli with 700 nm width could not enter the tube and remained 
stuck on the tube end, (e) E.coli with 425 nm width reached the depth of the 
tube 129.  
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Core-shell structured microtubes with cell adhesive (chitosan/hyaluronic 
acid) and cell resistive (PAH/PSS) surfaces were fabricated by Rubner et al 130. 
They demonstrated that depending on the position of the cell adhesive and 
cell resistive layers, those microtubes attach on the cell surfaces with 
different orientations. 
These results are solid proofs of the possibility of incorporating 
biomacromolecules such as polysaccharides, nucleic acids and proteins in the 
structure of nanotubes 131–134. Nevertheless, the key point for using these 
nanotubes for biomedical application is their proper release from the 
membrane and redispersion in an appropriate medium. However, available 
methods for transferring these nanotubes from the membrane to an 
aqueous medium are very limited. Rubner et al. extracted nanotubes from 
the PC membrane by dissolving the membrane in CH2Cl2 followed by a 
subsequent filtration over a hydrophilic polytetrafluoroethylene filter. The 
collected microtubes were then scraped off the filter surface and transferred 
to aqueous medium 130.  
Komatsu et al. used another methodology to collect and transfer the 
nanotubes. First, the PC template is dissolved immediately in a polar amide 
solvent (dimethylformamide, DMF), and the precipitated nanotubes are 
washed several times with DMF. Second, the obtained tubes are quickly 
freeze-dried in vacuum to yield the lyophilized nanotubes 125. Although 
efficient, this method sometimes leads to formation of aggregates. We 
believed that a universal method should be developed for collection and 
dispersion of nanotubes in high yield, which will be done in this thesis.   
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2.6 Particles with antifouling properties  
On our quest to fabricate an ideal drug carrier, it is important to have some 
understanding of the way carriers can be made to circulate longer in a living 
organism.  
In 1994, Langer et al.135 demonstrated that by forming a diblock copolymer 
containing a PEG block, the in vivo circulation half-lives of nanoparticles is 
dramatically increased. Since that time, PEGylated nanoparticles have been 
extensively developed, studied and even commercialized (ex. Doxil®, a 
PEGylated liposomal formulation of doxorubicin). Right now, PEG is FDA 
approved and is listed as “Generally Recognized as Safe” (GRAS). PEG 
provides stealth properties to particle surfaces and prevents non-specific 
binding of blood components to the particles reducing their uptake and 
clearance by the cells of the mononuclear phagocytic system 136. 
 
Figure 2.17. Schematic representation of (a) non-grafted particle, (b) 
PEGylated particle (mushroom regime), (c) PEGylated particle (brush 
regime). The core size of particles can be characterized by SEM or TEM, while 
their hydrodynamic diameter can be measured by dynamic light scattering. 
(Images are extracted and modified from 137.) 
 
Chapter 2 - Overview      
 
41 
 
The PEG chain coverage density plays a major role in providing antifouling 
properties. Proper antifouling effect is achieved at a high coverage density 
that is mainly when chains adopt a brush morphology (Figure 2.17). Thus, the 
conformation of PEG chain over the surface is an important parameter to be 
taken into account when antifouling properties are needed 137,138. 
Although PEG is commonly used to fabricate non-fouling surfaces, it has 
some limitations. For instance, PEG may auto-oxidaze in presence of oxygen 
resulting into formation of ethers and aldehydes that the surface might lose 
its non-fouling properties. Therefore, development of alternative systems is 
becoming more and more attractive. The key points that must be taken into 
account are hydrophilicity, making hydrogen bonds with water molecules 
and conformational stability of developed surfaces. Self-assembled 
monolayers presenting oligomers of propylene sulfoxide showed antifouling 
properties and resisted the adsorption of fibrinogen 139. Other research 
groups developed phospholipids bearing zwitterions head groups. These 
structures are highly remarkable since zwitterions can bind strongly to water 
molecules and thus, avoid adsorption of proteins 140. Zwitterions-containing 
polymeric surfaces and brushes as well as self-assembled monolayers 
composed of zwitterions showed a significant protein resistance and were 
strongly non-fouling. Here again, the coverage density and conformation of 
groups on the surface are very important and must be controlled 139–142.  
Since PEG is already widely used and thoroughly studied to develop anti-
fouling surfaces, we also aim on fabricating anti-fouling properties by 
PEGylating the surface of studied particles. 
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2.7 Conclusion 
Without any doubts, fabricating an ideal nano-sized drug carrier demands a 
combination of techniques and methodologies. It is clear that LbL assembly 
combined with template synthesis method give us the proper tools to 
fabricate multilayer nanotubes of our desired compositions, dimensions and 
functionalities. These methods are highly versatile; however, care must be 
taken while choosing fabrication conditions. The system becomes even more 
complex when biomacromolecules, especially proteins, are used.  
The proper growth of multilayers within the pores of the template must be 
ensured in order to take the study into further steps (i.e. functionalizing the 
surface, transferring tubes to aqueous medium, studying interactions with 
cell, etc.). Indeed, one should master the fabrication techniques mentioned 
in this chapter and laboriously put them together in order to achieve our 
ultimate goal: “fabrication of anisotropic multifunctional tubular nano-
objects for the controlled delivery of proteins as therapeutic agent”.
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3 Multilayer LbL assembled films and 
nanotubes  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is dedicated to fabrication of multilayer assembled flat films and 
nanotubes of different nature. The growth of the films over flat surfaces are 
studied and compared with the growth of multilayers inside the nano-sized 
pores of a membrane. This study provides practical information to fabricate 
layer-by-layer assembled template synthesized nanotubes and gives further 
information about their structure.  
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3.1 Introduction 
Anisotropic nano-objects, such as nanowires and nanotubes have recently 
gained attention especially the field of nanomedicine 1–4. Nanotubes present 
several advantages, particularly as nanocarriers for drug delivery 
applications. First, similar to shell structures, they have interior and exterior 
surfaces that can each be specifically functionalized. Second, nanotubes 
possess open ends that are useful for loading and delivery of the therapeutic 
load. Third, nanotubes have a larger inner volume compared to nanospheres 
of diameter equal to the nanotube diameter, resulting in possibly higher 
payloads. Finally, nanotubes have a longer circulation time in vivo and a 
higher cell internalization rate 5,6. 
To fabricate these anisotropic nanotubes with a precise control over their 
dimension and properties, template synthesis method can be used. This 
simple yet versatile method is mainly based on depositing desired materials 
within the pores of a template. A wide range of materials from metals and 
semiconductors to synthetic and biological polyelectrolytes can be deposited 
within the pores 7–14. Layer-by-layer (LbL) assembly is an inexpensive and 
versatile method based on alternative adsorption of interacting species 15–19. 
By combining LbL assembly with template synthesis method, polyelectrolyte 
based nanotubes with well-controlled and tunable outer diameter, length, 
composition and wall thickness can be fabricated 20–24.  
In this chapter, we focus on the growth of LbL assembled films on flat 
surfaces as well as fabricating multilayer LbL assembled nanotubes inside the 
pores of a PC membrane by combining LbL assembly and template synthesis. 
We study flat multilayers and nanotubes made from a variety of materials 
including synthetic strong and weak polyelectrolytes as well as natural 
polyelectrolytes such as proteins and polyaminoacids. Optimal deposition 
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conditions are investigated for different systems and their growth is 
monitored. The growth of studied multilayers is compared to similar systems 
in the literature and the effect of confinement is demonstrated by comparing 
the thickness of multilayer flat films and multilayers deposited within nano-
sized pores of PC membrane. The behavior of nanotubes upon drying on a 
flat surface is studied and related to their building blocks (Figure 3.1). In the 
end, more sophisticated nanotubes with nanoparticles capping the tubes 
ends were fabricated. 
 
Figure 3.1. A flowchart of the main steps in this chapter.  
  
Chapter 3 – Multilayer LbL assembled films and nanotubes 
64 
 
3.2 Materials and Methods 
3.2.1 Materials 
Dichloromethane (CH2Cl2), sodium chloride (NaCl), 2-(N-morpholino) ethane 
sulfonic acid (MES) monohydrate, 4-(2- hydroxyethyl) piperazine-1- ethane 
sulfonic acid (HEPES), Polyallylamine hydrochloride (PAH, Mw: 58 kDa), 
poly(sodium 4-styrenesulfonate) (PSS, Mw: 70 kDa), polyacrylic acid (PAA, 
Mw: 100 kDa), poly-L-arginine (PLA, Mw > 70 kDa), ovalbumin (OVA, Mw: 45 
kDa) and poly(allylamine hydrochloride) fluorescein isothiocyanate (PAH-
FITC, Mw: 15 kDa maximum excitation at 495 nm and a maximum emission 
at 521 nm) with a monomer to dye ratio (PAH:FITC) of (50:1) were purchased 
from Sigma-Aldrich. Fluorescent ovalbumin (OVA Alexa Fluor Fluor 488) was 
purchased from Life Technologies. The Alexa Fluor Fluor 488 fluorophore has 
a maximum excitation peak at 495 nm and a maximum emission peak at 519 
nm. Aluminum oxide (Al2O3, alumina) particles with an average particle 
diameter of 300 nm were provided by BASi. Milli-Q water with 18.2 MΩ.cm 
resistivity was used in all experiments. All products were used as received. 
Sheets of track-etched polycarbonate membranes were provided by It4ip 
(Louvain-la-Neuve, Belgium, http://www.it4ip.be) with pore diameters of 
namely 500 nm. The pore diameter of the PC membrane is not exactly as 
given by the supplier and a 5 – 10 % variation is observed among the pores. 
All membranes had a thickness of 21 μm and a pore density of 108  
pores.cm-2. Hydrophilic poly(ethylene terephtalate) (PET) membranes with a 
pore size of 200 nm, thickness of 23 μm and pore density of about 5.108 
pores.cm-2 were provided by It4ip as well. 
Preparation of polyelectrolyte solutions for assembly on flat surfaces 
Except for fluorescent-tagged polyelectrolytes, all polyelectrolyte solutions 
were prepared at 1 mg.mL-1 concentration. OVA Alexa Fluor 488 and  
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PAH-FITC polyelectrolytes were prepared at 0.1 mg.mL-1 and 0.5 mg.mL-1 
concentration respectively. The PAH and PSS solutions used to grow PAH/PSS 
multilayers were prepared in water containing 150 mM NaCl (or 500 mM 
NaCl). The PAH and PAA solutions used to grow PAH/PAA multilayers were 
prepared in 150 mM MES buffer at pH = 5.5. To determine the optimum 
conditions for the growth of PAH/OVA multilayers, polyelectrolyte solutions 
were prepared in milli-Q water and the pH was fixed at 5.5, 7 and 8 with no 
added buffer (pH was adjusted with HCl and NaOH) and 10 mM HEPES buffer 
at pH = 8 as well. PLA/OVA multilayers were grown in milli-Q water with 150 
mM NaCl (or 500 mM NaCl).  
3.2.2 Fabrication of LbL assembled flat films  
Single-side polished silicon wafers (Si, <100> orientation, ACM) were cleaned 
for 20 minutes in piranha solution (H2SO4 (98%) / H2O2 (32%), 1/1 v/v) before 
use. The wafers were then rinsed abundantly with milli-Q water and dried. 
The substrates were then immersed in the polycation solution for 5 minutes, 
followed by three rinsing steps to ensure the removal of loosely attached 
polyelectrolyte chains on the surface. The rinsing bath for each system was 
an aqueous solution of same ionic strength and composition as used for the 
polyelectrolytes. The three step rinsing process consisted of dipping the 
substrate for 45 seconds in first rinsing bath, 70 seconds in second rinsing 
bath and 30 seconds in the last rinsing bath. Afterwards, the substrate was 
dipped in the polyanion solution for 5 minutes, followed by similar rinsing 
steps. The whole process was cycled until the desired number of layer pairs 
was obtained. In the end, samples were abundantly rinsed with milli-Q water 
to eliminate the salt on their surface and were then dried by nitrogen and 
stored at room temperature. 
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3.2.3 Fabrication of LbL assembled nanotubes 
All polyelectrolyte solutions were prepared at 1 mg.mL-1 concentration 
except for OVA Alexa Fluor 488 and PAH-FITC polyelectrolytes that were 
prepared at 0.1 mg.mL-1 and 0.5 mg.mL-1 concentration respectively. 
PAH/PSS pairs were prepared in water containing 150 mM NaCl at neutral 
pH. PAH/PAA pairs were prepared in 150 mM MES at pH = 5.5. PAH/OVA pair 
was fabricated in 10 mM HEPES buffer at pH = 8 and PLA/OVA pair were 
prepared in milli-Q water containing 150 mM NaCl at neutral pH.  
Fabrication of LbL assembled nanotubes by dipping 
Multilayer LbL assembled nanotubes were formed within the pores of a 
nanoporous PC membrane by alternately dipping the membrane in 
polyelectrolyte solutions for 30 minutes. Since the PC membrane is 
negatively charged, the membrane is first immersed in polycation solution 
followed by an intermediate two-step rinsing process (2 minutes each) in two 
baths of aqueous solution of same ionic strength and composition as used 
for the polyelectrolytes. Next, the membrane was dipped in polyanion 
solution and rinsed again. This process was repeated until the desired 
number of layer pairs (mostly 6) was obtained. In the end, the PC membrane 
containing nanotubes was rinsed abundantly with milli-Q water.  
Fabrication of LbL assembled nanotubes by filtration 
The nanoporous PC membrane was placed into a stainless steel syringe 
holder filtration gasket and 3 mL polycation solution was filtered through the 
membrane with 1 mL.min-1 rate by pressure filtration. Excess polyelectrolyte 
was washed away by filtering the rinsing solution of same ionic strength and 
composition as used for the polyelectrolytes was at 1 mL.min-1 rate. The PC 
membrane was taken out and the surface of the membrane was rinsed with 
the rinsing solution. Afterwards, 3 mL polyanion solution was filtered 
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through the membrane at 1 mL.min-1 rate followed by the same rinsing 
process. This process was repeated until the desired number of layer pairs (= 
3) was achieved. In the end, the PC membrane containing the nanotubes was 
rinsed abundantly with milli-Q water.  
3.2.4 Removing the polyelectrolyte crust from PC membrane  
During the LbL process, a polyelectrolyte multilayer crust forms on the top 
and bottom surfaces of the PC template. This film blocks the access to pores 
and prevents nanotubes proper release from the membrane and thus, must 
be removed.  
Removal by plasma etching  
K1050X Plasma Asher (Quorum Technologies) was used to remove the 
residual polyelectrolyte crust. Substrates (silicon wafer and PC membrane) 
with multilayers deposited on their surfaces were put inside the etching 
chamber followed by introducing vacuum and decreasing the pressure in the 
chamber. Plasma was produced by 100 watts and the etching process was 
carried out at desired duration. Samples were then stored at room 
temperature.  
Removal by gentle mechanical rubbing  
To remove the polyelectrolyte crust, the top and bottom surfaces of the PC 
membrane containing nanotubes were gently scrubbed with a cell scraper 
after each bilayer deposition to eliminate the adherent polyelectrolyte layer. 
Samples were rinsed abundantly with milli-Q water to eliminate buffer salts, 
and dried and stored at room temperature. 
3.2.5 Capping the nanotubes 
Aluminum oxide (Al2O3, alumina) particles with an average particle diameter 
of 300 nm were used for capping the nanotubes. For each case, a little 
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amount of powder was deposited on velvet polishing disk and some drops of 
water was added to the powder in order to make slurry. The PC membrane 
containing nanotubes was rubbed against this slurry for 6 minutes (3 minutes 
each side) and was then rinsed for 1 min with milli-Q water. Next, the PC 
membrane was immersed in a 10 ml solution of milli-Q water and sonication 
was applied for 3 minutes. Afterwards, each face of the PC membrane was 
rinsed again for about 1 min with milli-Q water. The PC membrane was dried 
overnight. 
3.2.6 Releasing nanotubes from the template  
To release the nanotubes from the template, the PC membrane was 
dissolved in CH2Cl2, resulting in a colloidal suspension of nanotubes and 
dissolved PC in CH2Cl2. The nanotubes were then recovered by filtration of 
this colloidal suspension over a hydrophilic PET membrane. To maximize the 
removal of remnant PC, fresh CH2Cl2 was flushed through the PET filter for 
several times. 
3.2.7 Characterization methods 
SEM, STEM observations and EDX analysis 
Samples were observed with a field emission scanning electron microscope 
(JSM-7600F, JEOL Ltd.), equipped with a transmission detector. Energy 
dispersive X-ray (EDX) spectra were acquired using a detection unit attached 
to the microscope. SEM measurements were performed at 15 keV for the 
scanning mode and 30 keV for the scanning transmission mode. To obtain 
EDX element maps, samples prepared for STEM imaging were scanned at 30 
keV for 200 seconds. 
For SEM imaging, the CH2Cl2 or aqueous suspension of nano-objects was 
filtered through a PET filter coated with a 20 nm layer of gold. For scanning 
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transmission electron microscopy (STEM), a few drops of the colloidal 
suspension (either in water or CH2Cl2) was dropped over a carbon-coated 
copper TEM grid (200 mesh, Electron Microscopy Sciences) and air-dried at 
room temperature. 
Fluorescence microscopy 
The suspension of fluorescent-tagged nanotubes was filtered through a PET 
filter for epi-fluorescence optical microscopy. Fluorescence images were 
obtained by an Olympus IX2 inverted microscope equipped with a FITC filter 
set. 
Image analysis for determining flattening of nanotubes 
The pore diameter of PC membranes as well as the outer diameter of the 
nanotubes prior and after being in contact with the aqueous solution was 
determined from SEM and STEM images using ImageJ software (developed 
by Wayne Rasband, National Institutes of Health, Bethesda, MD). 30 
measurements for each system were taken to obtain the average and 
standard deviation values. 
AFM imaging  
Atomic force imaging was performed using a Bruker Multimode III A 
microscope operating in tapping mode. Acquired data were analyzed by 
Nanoscope Analysis v.1.4 software (Bruker). Images have been flattened 
using 1st order polynomials in a line-by-line flattening process one after 
another. Root-mean-square roughness values are reported for 1x1 µm2 
images. 
Ellipsometry 
The thickness of LbL assembled multilayers on silicon wafers were measured 
by a spectroscopic ellipsometer (Uvisel, Horiba-Jobin-Yvon) at an incident 
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angle of 70° in a wavelength range from 300 to 800 nm. Measurements were 
carried out with the analyzer at +45° and -45° (with respect to the plane of 
incidence) to compensate for systematic errors (imperfections and residual 
misalignment of optical components) 25,26. 
Ellipsometric data were fitted with DeltaPsi 2 software (Horiba Scientific) in 
a wavelength range of 550-750 nm based on an optical model consisting of 
two layers:  
1. bulk silicon substrate; 
2. homogenous isotropic single layer on top of the substrate. 
Since the refractive index of silicon oxide (𝑛 = 1.46) is close to the refractive 
index of multilayers (𝑛 ~ 1.45 – 1.55) at the wavelengths of measurement, 
the native silicon oxide layer cannot be distinguished from the 
polyelectrolyte multilayer 26–28. Therefore, the multilayer thickness was 
obtained by subtraction of the thickness of the native oxide (determined to 
be around 1.5 nm from measurements on a bare silicon wafer right after 
cleaning). The complex index of refraction of Si was taken from tabulated 
data provided by the manufacturer. The complex index of refraction (𝑛∗ =
𝑛 + 𝑖 𝑘) of the multilayer film was modeled by a transparent Cauchy layer 
with 𝑛(𝜆) = 𝐴 + 𝐵 𝜆2⁄ +
𝐶
𝜆4⁄  and 𝑘
(𝜆) = 0 with A, B and C as the fitting 
parameters. To ensure the validity of the data, the goodness of the fit was 
verified (minimizing the sum of squares, 𝜒2) and the refractive index was 
kept between 1.45 and 1.57 (in the wavelength range of 550 - 750 nm) for all 
analyzed thin films. All thickness values correspond to an average of five 
different measurements taken on each sample.  
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Porometry  
The average diameter of PC membrane pores before and after nanotubes 
construction was measured by gas-flow porometry at room temperature. 
The air-dried samples are firmly fixed inside the sample holder with an 
effective section area of 0.138 cm2. Nitrogen gas was flown upstream with 
pressure ranging from 4-11 psi. The gas flow rate (mL.min-1) downstream 
from the sample was measured by a flow meter (Agilent). Having this value, 
one can calculate the average inner diameter of the pores by using 
relationships based on the Knudsen diffusion and the viscous or Hagen 
Poiseuille flow relationship as previously reported by our group 29. 
The Knudsen diffusion flux, 𝐽𝑑𝑖𝑓𝑓 (mole.m
2s-1) and viscous flux 𝐽𝑣𝑖𝑠𝑐  
(mole.m2s-1) are expressed respectively by 
𝐽𝑑𝑖𝑓𝑓 =  
4
3
𝑑
𝑙
(𝑃𝑢𝑝 − 𝑃𝑑𝑜𝑤𝑛)
√2𝜋𝑀𝑅𝑇
 (3.1) 
𝐽𝑣𝑖𝑠𝑐 =  
𝑑2
𝑙
(𝑃𝑢𝑝
2 − 𝑃𝑑𝑜𝑤𝑛
2)
64𝜇𝑅𝑇
 (3.2) 
where 𝑑 is the pore diameter (m), 𝑙 is the thickness of the membrane (m), 
𝑃𝑢𝑝 and 𝑃𝑑𝑜𝑤𝑛 are the pressures (Pa) upstream and downstream from the 
membrane respectively, 𝑀 is the gas molar mass (kg.mol-1), µ is the dynamic 
viscosity of the gas (kg.m-1s-1), 𝑅 is the ideal gas constant (J.K-1mol-1) and 𝑇 is 
the gas temperature (K). The total volume flow rate Φ (m3s-1) from equations 
(3.1 and 3.2 can be expressed by 
𝛷 = 𝑆𝑃
𝑅𝑇
𝑃𝑎𝑡𝑚
(𝐽𝑑𝑖𝑓𝑓 + 𝐽𝑣𝑖𝑠𝑐) 
(3.3) 
where 𝑆 is the effective section area of the membrane (m2), 𝑃𝑎𝑡𝑚 is the 
atmospheric pressure (Pa) and 𝑃 is the transparency of the membrane, 
defined by  
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𝑃 = 𝑁
𝜋𝑑2
4
 
(3.4) 
where 𝑁 is the pore density (m−2). The dried film thickness of nanotubes 
inside the pores was calculated as half of the difference between the pore 
diameter of the virgin membrane and the pore diameter after LbL deposition. 
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3.3 Results and Discussion 
Multilayer self-assembled flat films of different polyelectrolytes were 
fabricated prior to fabrication of nanotubes in order to compare different 
growth conditions and optimize the assembly condition for each system. The 
chemical structures of multilayers constructing components used in this 
study are displayed in Table 3.1. It was decided to start with polyelectrolytes 
that are well known in the literature and are commercially available such as 
poly(allylamine hydrochloride) (PAH), poly(acrylic acid) (PAA) and 
poly(sodium 4-styrenesulfonate) (PSS). Protein-based systems were also 
fabricated by using ovalbumin protein as a polyelectrolyte. Biological 
multilayers were composed of ovalbumin and a polyamino acid (poly-L-
arginine) (PLA).  
Table 3.1 Chemical Structure and respective pKa and pI of organic 
components of the studied systems: Synthetic Polyelectrolytes: 
Poly(allylamine) (PAH), Poly(fluorescein isothiocyanate allylamine 
hydrochloride) (PAH-FITC), Poly(acrylic acid) (PAA), and Poly(sodium 4-
styrenesulfonate) (PSS), Poly(amino acid): Poly-L arginine (PLA), and Protein: 
Ovalbumin 30 (OVA).  
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3.3.1 Construction of multilayer films on flat surfaces  
Multilayer polyelectrolyte films were assembled on top of silicon wafers. The 
build-up of multilayers was monitored by measuring the dried film thickness 
by ellipsometry. A summary of all studied systems and their LbL assembly 
condition is displayed in Table 3.2. 
Table 3.2. LbL Assembled multilayer films of different composition, their 
construction pH value and their deposition condition. (The pH of buffered 
solutions is measured by a pH meter (with ± 0.1 error) while the pH of NaCl-
containing solutions are assumed to be neutral.) 
LbL 
assembled 
systems 
Polycation polyanion 
Construction 
pH  
Construction 
medium 
Amount 
of buffer 
or salt 
Synthetic 
PAH PSS Neutral pH  
Milli-Q water 
+ NaCl 
150 mM 
NaCl, 
500 mM 
NaCl 
PAH PAA 
5.5 
[measured] 
MES Buffer 
150 mM 
MES 
Protein-
based 
PAH OVA 
5, 7, 8 
[measured] 
Milli-Q water 
No added 
buffer or 
salt 
8 
[measured] 
HEPES Buffer 
10 mM 
HEPES 
PLA OVA Neutral pH 
Milli-Q water 
+ NaCl 
150 mM 
NaCl 
 
PAH and PSS are two common synthetic polyelectrolytes and are well known 
in the literature and commercially available 31–33. PSS is a strong polyacid 
while PAH has a pKa = 9. At pH = 5.5, PSS is fully negatively charged and PAH 
is fully positively charged as well. Therefore, the former acts as a polyanion 
while the latter is a polycation. Deposition of polyelectrolytes on an 
oppositely charged surface is based on an ion exchange and entropic gain. 
Charged polyelectrolytes approach the oppositely charged surface and 
replace small salt counterions, compensating the surface charge. In parallel, 
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when counterions are released the system entropy is increased and 
therefore, there is a gain in entropy 34,35.  
 
Figure 3.2. Evolution of dried film thickness as a function of the number of 
cycles, (a) (PAH/PSS)n deposited on silicon substrates in: (●) milli-Q water + 
150 mM NaCl and (○) milli-Q water + 500 mM NaCl. Error bars were less than 
4% and thus are not shown, (b) (PAH/PAA)n deposited on silicon substrates 
in 150 mM MES buffer. (Dashed and dotted lines are guides to the eye.) 
 
Figure 3.2 demonstrates the evolution of dried film thickness of assembled 
multilayers at each bilayer deposition. It is observed that the growth of 
(PAH/PSS) multilayer films strongly depends to the ionic strength of the 
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deposition solution. The growth rate is rather low when the deposition is 
carried out in milli-Q water containing 150 mM NaCl. By increasing the 
amount of NaCl salt to 500 mM the growth rate is increased. The effect of 
salt concentration and ionic strength on the growth of LbL assembled 
polyelectrolyte multilayers has been well discussed in literature (see 
Chapter.2.1.). Briefly, added salt screens the charges along the polymer 
chain. Therefore, the polymer chains are more coiled with increasing the salt 
concentration, leading to the formation of thicker and rougher  
films 34–36.  
The growth of (PAH/PSS) multilayers in 500 mM NaCl solution can be divided 
in two-steps linear growth. The first segment (0 ≤ n ≤ 4) has a less steep slope 
while the second segment (4 ≤ n ≤ 8) has a higher slope. This two-step linear-
like growth was previously observed in our group 37. Ladam et al. suggested 
that the slower growth at the early stages of the multilayer build-up can be 
related to the influence of the support 32. During the adsorption of the very 
first bilayers, the macromolecules have strong interaction with the substrate 
surface and thus, will adopt a flatter conformation 17,38. The growth of 
(PAH/PAA) multilayers can also be divided in two segments. However, to 
have a full understanding of the multilayers growth kinetics, a larger number 
of bilayers must be deposited on the surface and the resulting film must be 
characterized by different techniques as previously done by many groups. 
Here, we only aimed to show that (PAH/PSS) and (PAH/PAA) multilayers can 
be assembled on flat substrates at the chosen conditions.  
To construct multilayers with biological components, PAH and OVA were 
chosen as polyelectrolyte building blocks. This system holds a special interest 
since the model antigen protein (OVA) is included in the structure of the 
multilayer and PAH provides the possibility of further functionalization due 
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to presence of primary amine side chains. Such system has not been studied 
previously. Therefore, the build-up of (PAH/OVA) multilayers was studied in 
solutions of different pH and ionic strength.  
 
Figure 3.3. Evolution of dried film thickness as a function of the number of 
cycles (PAH/OVA)n deposited on silicon substrates in (∆) milli-Q water with 
fixed pH = 5.5, (◊) milli-Q water with fixed pH = 7, (○) milli-Q water with fixed 
pH = 8, (●) 10 mM HEPES buffer at pH = 8. Error bars were less than 4% and 
thus are not shown. (Dashed and dotted lines are guides to the eyes.) 
 
Figure 3.3 shows the growth of (PAH/OVA) multilayers at different 
conditions. The build-up of (PAH/OVA) was first studied in milli-Q water at 
different fixed pHs with no added buffer. OVA has an isoelectric point = 4.5, 
therefore, at pHs higher than 4.5, it has an excess negative charge and 
interacts electrostatically with PAH. However, it is observed that at pHs = 5 
and 7, there is a very low deposition hardly exceeding 10 nm after 6 bilayer 
deposition. At pH = 8, the thickness of the multilayers increases. Much 
thicker multilayers are obtained when the deposition is carried out at 10 mM 
HEPES buffer solution. We cannot comment whether the growth of 
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(PAH/OVA) multilayers is linear or non-linear. For that aim, a larger number 
of bilayers should have been assembled. Nevertheless, we have shown that 
(PAH/OVA) multilayers can be grown at pH = 8 and by conducting the 
assembly in 10 mM HEPES buffer at pH = 8, thicker multilayers can be 
obtained while the pH is more controlled due to the presence of buffer.  
Biological multilayers composed of PLA and OVA were assembled in milli-Q 
water with 150 mM NaCl at neutral pH. It is preferable to construct 
(PLA/OVA) multilayers in milli-Q water because, PLA aggregates in PBS buffer 
(with a buffer concentration higher than 10 mM) due to interactions 
between arginine and phosphate groups.  
 
Figure 3.4. Evolution of dried film thickness as a function of the number of 
cycles deposited on silicon substrates for (∆) (PLA/OVA) in milli-Q water with 
150 mM NaCl. Error bars were less than 4% and thus are not shown. (Dotted 
line is a guide to the eyes.) 
 
The growth of (PLA/OVA) multilayers is shown in Figure 3.4. (PLA/OVA) 
multilayers have the highest thickness amongst all studied systems. The 
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effect of ionic strength on the growth of (PLA/OVA) multilayers was 
investigated by AFM (Figure 3.5). 
 
Figure 3.5. AFM height image of (PLA/OVA) multilayers deposited on a 
surface of a flat silicon wafer at different number of bilayers and in different 
deposition mediums. (a-c) 2, 4, 6 bilayers in milli-Q water with 100 mM NaCl, 
(d-f) 2, 4, 6 bilayers in milli-Q water with 500 mM NaCl. Z-scale is 20 nm for 
all images. The bar chart beneath the images shows root-mean-square 
roughness (Rq) values calculated from the images. (The analyzed surface of 
each sample is 1 µm2). 
 
As observed in Figure 3.5, multilayer assembled films form small island-
shaped patches on the surface. By increasing the number of bilayers 
(Figure 3.5.a-c), these islands grow in size as well. At the same time, by 
increasing the amount of salt in deposition solution, the ionic strength is 
increased and the islands grow bigger. Multilayers deposited from high ionic-
strength solutions have a higher root-mean-square roughness (Rq) values. As 
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mentioned before, this is probably due to changes in the chains 
conformation as the amount of salt in the solution is increased 26,36. 
Since the objective of this research was to prepare nanotubes suitable for 
biological applications, it was decided to keep the ionic strength of all future 
deposition solutions close to physiological value (150 mM). The only 
exception was for (PAH/OVA) system, which was assembled at a lower ionic 
strength (10 mM HEPES buffer) since an odd aggregate formation was 
observed when HEPES buffer of higher ionic strength was used for 
(PAH/OVA) system.  
3.3.2 Construction of multilayer nanotubes 
Multilayer nanotubes were constructed by combining LbL assembly and 
template synthesis method. Track-etched nanoporous PC membranes are 
chosen as templates and the LbL assembly is carried out inside the pores of 
the PC membranes. The deposition process can be carried out in two 
different ways. Either the polyelectrolyte solution is filtered through the 
pores by pressure filtration or the membrane is dipped in polyelectrolyte 
solutions and the polyelectrolyte molecules diffuse through the pores. By 
injecting the polyelectrolytes through the pores, molecules are forced to 
come in contact and will interact electrostatically with each other forming a 
polyelectrolyte complex inside the pores. During the rinsing step, when the 
rinsing solution is injected through the pores, un-bounded polyelectrolytes 
are washed off and removed. For all studied systems, after 3 bilayers, the 
pores were clogged and no more matter could be injected through the pores. 
In contrast, when assembly is carried-out by dipping the membrane in 
polyelectrolyte solutions, a larger number of bilayers can be deposited inside 
the pores (6 bilayers). The PC sacrificial template was dissolved in CH2Cl2 to 
characterize the resulting nano-objects by epi-fluorescence microscopy and 
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electron microscopy, resulting in an organic suspension of PC and released 
nanotubes. Nanotubes were then simply collected by filtration of this 
suspension over a polyethylene terephthalate (PET) membrane. One can 
further flush a large amount of solvent through the filter to maximize the PC 
removal. 
 
 Figure 3.6. (a) STEM and (b) epi-fluorescence microscopy images of 
(PLA/OVA Alexa Fluor 488)6 nanotubes deposited over a TEM grid or filtered 
over a PET filter respectively. 
 
Figure 3.6.a and Figure 3.6.b show (PLA/OVA Alexa Fluor 488)6 nanotubes 
released from a PC membrane. In both images, bundle of nanotubes are 
observed. These nanotubes are attached to each other due to the presence 
of a crust layer. Indeed, during the LbL process, a PE multilayer crust forms 
on the top and bottom surfaces of the PC template. This film blocks the 
access to nanopores and prevents future dispersion of nanotubes as 
observed in Figure 3.6.  
There have been different approaches for the removal of this crust. One 
option is to remove this layer by plasma etching 42–44. 
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Figure 3.7. Effect of plasma etching on polyelectrolyte crust removal, (a) 
Monitoring the removal of 12 nm (PAH/PSS)6 multilayers from a flat silicon 
wafer by plasma etching at different time periods. Dashed line is to guide the 
eyes, (b) SEM images of PC membrane containing (PLA/OVA Alexa Fluor 488)6 
nanotubes before plasma etching, (c) after 60 seconds of plasma etching, (d) 
Epi-fluorescence microscopy image of extracted (PLA/OVA Alexa Fluor 488)6 
nanotubes from the plasma etched PC membrane, filtered on a PET filter.  
 
The effectiveness of plasma etching for removing deposited layers was 
investigated by monitoring the thickness of 6 bilayers of (PAH/PSS) deposited 
over a Si wafer after different etching times (Figure 3.7.a). According to 
Figure 3.7.a, the whole deposited matter is removed after 2 minutes of 
plasma etching. When the PC membrane containing nanotubes is plasma 
etched, the surface of the membrane is highly disturbed and becomes 
rougher (Figure 3.7.b and Figure 3.7.c).  
Figure 3.7.d is an epi-fluorescence image of (PLA/OVA Alexa Fluor 488)6 
nanotubes released from a plasma etched PC membrane. Nanotubes are 
deformed and have lost their tubular shape. It is probable that nanotubes 
inside the membrane pores were damaged and became more fragile during 
plasma etching process. Upon releasing the nanotubes by dissolving the 
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membrane and filtering the obtained suspension over a PET filter, damaged 
nanotubes could not hold their tubular shape and were deformed. 
Therefore, an alternative crust removal method must be used. Roy et al. and 
Ramirez Wong et al. suggested removing this crust by rubbing the surface 
with a cotton swab immersed in a basic aqueous solution (NaOH, pH = 12) of 
high ionic strength (NaCl, 3 M) and followed by abundant rinsing of the 
membrane. By using such solution, deposited multilayers will swell and be 
disturbed due to combination of two effects. First, at pH = 12, the positive 
charge density of PAH is strongly decreased and second, by using high salt 
concentration, the electrostatic repulsion of charges along the 
polyelectrolyte chains is reduced 29,37. Although effective for certain 
polyelectrolyte combinations, the pH of this solution must be adjusted 
depending on the nature of assembled multilayers and the amount of salt 
must be adjusted, so that it will not disturb the nanotubes. For instance, for 
(PLA/OVA) nanotubes, using an acidic solution of high ionic strength (pH = 3) 
is more effective compared to basic (pH = 12) solution, since at pH = 3, both 
PLA and OVA are positively charged and therefore, repel each other much 
more. Moreover, we observed that using high amount of salt affected the 
nanotubes and caused some deformation in their structure. It was essential 
to opt for a milder approach of crust removal. It was observed that by simply 
mechanically rubbing the surface of the membrane with the rinsing solution 
after each bilayer deposition, the crust is adequately removed. Although this 
means more labor during the LbL process, a full crust removal is achieved 
without deforming nanotubes; this method was thus selected and used for 
any nanotubes fabrication in this study. 
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Figure 3.8. Left column: (a,c,e,g) epi-fluorescence microscopy images of 
nanotubes filtered over a PET filter, right column: (b,h) STEM and (d,f) SEM 
images of nanotubes on a TEM grid or on a PET filter respectively. (a, b) (PAH-
FITC/PSS)6, (c, d) (PAH-FITC/PAA)6, (e , f) (PAH/ OVA Alexa Fluor 488)6, (g, h) 
(PLA/ OVA Alexa Fluor 488)6. The inset in (b) is a TEM image of a (PAH-
FITC/PSS)6 nanotube. (The acquisition conditions of fluorescence images 
were different and thus, the intensity of images could not be compared.) 
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Figure 3.8 shows typical STEM, SEM and epi-fluorescence images of LbL 
assembled nanotubes: synthetic strong polyelectrolyte (PAH/PSS), synthetic 
weak polyelectrolyte (PAH/PAA), protein-based (PAH/OVA) and biological 
(PLA/OVA) nanotubes. Nanotubes were constructed in a PC membrane with, 
namely, 500 nm pore diameter and 21 μm thickness, yielding nanotubes with 
an aspect ratio of ∼ 45. The inset image in Figure 3.8.b shows the hollow 
structure of (PAH-FITC/PSS)6 nanotubes. Polyelectrolyte nanotubes are soft 
and prone to breakage and might be broken during the template removal 
process. We should also mention that the PC templates may contain a few 
interconnected pores through the membrane, resulting in shorter forked 
nanotubes. An interesting point is the high fluorescence intensity at the ends 
of the nanotubes for some cases, suggesting that the nanotubes are clogged 
at their ends with fluorescent polyelectrolyte. However, gas-flow porometry 
proved that nanotubes are hollow. Therefore, one can deduce that although 
there is a higher amount of polyelectrolytes at the ends of the tubes, they 
are not clogged. The higher fluorescent intensity at the ends of those tubes 
is most probably due to the presence of a small amount of residual crust at 
the tubes ends. 
Since in some cases, nanotubes were observed to flatten when deposited on 
the grids for STEM characterization, this method was not appropriate to 
provide reliable values for the inner diameter from the imaged nanotubes. 
Hence, gas-flow porometry was used to determine the average diameter of 
PC membranes before and after nanotube construction. Half the difference 
between these two values gives the dry wall thickness (dwall) reported in 
Table 3.3. 
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Table 3.3. Summary of the dimensions (outer diameter and dry wall 
thickness) of the studied nanotubes. (The membrane pore diameter Dpore is 
440 ± 40 nm for all cases).  
Type of 
system 
Nanotubes 
outer diameter 
Dtube (nm) 
Dry wall thickness dwall (nm) 
Dtube/Dpore 3 bilayers 
LbL by filtration 
6 bilayers 
LbL by dipping 
PAH/PSS 570 ± 35 35 45 1.29 ± 0.22 
PAH/PAA 530 ± 81 23 40 1.17 ± 0.18 
PAH/OVA 781 ± 84 60 60 1.77 ± 0.4 
PLA/OVA 736 ± 61 60 63 1.67 ± 0.32 
 
It should be taken into account that porometry measurements are operated 
on dried samples and that the drying process might cause some shrinking of 
nanotube walls. STEM images of all nanotubes were analyzed to determine 
the outer diameter variation among the nanotubes (Dtube). The ratio between 
the outer diameter of dried tubes Dtube and the diameter of the pores of the 
template, Dpore (both measured from STEM or SEM images) were calculated 
for all systems (Table 3.3) to evaluate the shrinking or flattening behavior of 
tubes after being extracted from the template and deposited over a flat filter 
surface. Dtube/Dpore values show that protein-based LbL assembled nanotubes 
(PAH/OVA) and (PLA/OVA) have the highest tendency to flatten when 
deposited and dried over a flat surface, indicating a higher softness. 
Comparing the dry wall thickness of nanotubes deposited either by pressure-
filtration (3 cycles) or by dipping (6 cycles), the final thickness value is very 
close. As mentioned before, after 3 bilayers deposition via pressure-
filtration, pores are clogged and no more matter can be deposited inside the 
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pores. In contrast, deposition can be cycled many times when assembly is 
carried out by dipping.  
 
Figure 3.9. Comparison of the dried film thickness of (left columns) LbL 
multilayers assembled on silicon wafer with (right columns) LbL assembled 
nanotubes within the pores of a PC membrane. (6 bilayers are assembled for 
each system.) 
 
Figure 3.9 compares the dried film thickness of multilayers assembled over a 
flat silicon wafer and multilayers assembled in nanotubes. Although the 
number of bilayers is equal, multilayers assembled in nanotubes have a 
higher thickness compared to flat films. Indeed, confinement in nanoporous 
membrane results in the formation of thicker multilayers 26,45–48. As discussed 
in Chapter 2.3., this is mainly due to the existence of two growth regimes 
during the assembly of multilayers in nanotubes. During the first regime, 
polyelectrolyte chains enter the pores and are adsorbed on the pore walls. 
By increasing the number of deposited bilayers, polyelectrolyte chains start 
to entangle across the pores and thus, the second regime begins in which, 
polyelectrolytes diffusion becomes a limiting factor. The interconnection of 
polyelectrolytes across the pores will eventually lead to formation of a dense 
gel within the pores that may clog the pores and prevents any further 
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deposition. This difference in thickness is more pronounced for synthetic 
polyelectrolyte pairs (PAH/PSS) and (PAH/PAA) and less for biological 
systems (PAH/OVA) and (PLA/OVA). This could probably be due to the more 
compact globular form of OVA protein.  
Alem et al. investigated multilayers build-up in a nanoporous PC by pressure-
filtration and proposed that polyelectrolyte chains entangle during their 
passage through the pores and because of a locally increased concentration, 
they are no longer in the dilute regime. They pile-up in the pores and form a 
dense gel that almost fills the pore in the wet-state 26. It must be noted that 
synthetic and biological polyelectrolytes are highly hydrophilic and have a 
swelling ratio (thickness at swollen state/ thickness at dried state) of  
1.2 - 4.0 31,35,49–51. Upon drying, the dense gel inside the pores loses its water 
content, shrinks and thus a hollow tube is formed inside the pores. Roy et al. 
investigated the growth of (PAH/PSS) multilayers inside a nanoporous PC 
membrane by dipping and suggested the presence of two regimes. During 
the first regime, a linear growth is observed while in the second regime the 
growth rate is strongly reduced. During this second regime, adsorbed 
polyelectrolytes start to interconnect across the pores and again a gel is 
formed inside the pores. As a result, diffusion becomes the controlling factor 
in multilayers formation and the growth is slowed down.  
For the systems studied in this chapter, the dried wall thickness (dwall) of 
nanotubes is very close for the two methods, despite using different number 
of deposition cycles. This might be associated to the formation of a dense 
polyelectrolyte gel that would block the pores in the wet-state after 3 
bilayers deposition by filtration and 6 bilayers deposition by dipping. Upon 
drying, this gel-like structure should shrink and hollow nanotubes of similar 
wall thickness would be formed.  
Chapter 3 – Multilayer LbL assembled films and nanotubes 
89 
 
3.3.3 Capping nanotubes with nanoparticles  
Capping the ends of the nanotubes could have a particular interest for 
further applications 52. Here, it was decided to benefit from electrostatic 
interactions between nanoparticles and the nanotubes. The nanoparticle 
size should be in the range of the hollow nanotubes inner diameter and to 
limit their interactions with nanotubes surface, the capping was carried out 
when nanotubes are still inside the PC membrane.  
 
Figure 3.10. (a,b,c) STEM images of (PLA/OVA)6 nanotubes capped with Al2O3 
nanoparticles, (d,e) element map of Al and O respectively obtained by EDX 
analysis of (c).  
 
To this aim, 300 nm alumina particles were gently rubbed over the surface of 
a PC membrane containing (PLA/OVA)6 nanotubes followed by a short 
sonication and rinsing step. The PC membranes were then dissolved in 
dichloromethane and the tubes were observed by STEM (Figure 3.10 a, b). 
Figure 3.10.b shows that the length of the tubes still corresponds to the 
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thickness of the PC membrane, which means rubbing the PC surface with 
nanoparticles does not reduce the length of the tubes. Element maps 
obtained from energy-dispersive X-ray spectroscopy (EDX) measurements 
showed that alumina particles were attached to the ends of the tubes and 
cap the tubes ends (Figure 3.10.c-e). The number of capped nanotubes was 
counted in at least 20 images and it was observed that 80 % of nanotubes 
were successfully capped.  
One can interpret the results by the fact that there are some interactions 
between the tubes and the particles. Indeed, alumina particles are negatively 
charged and the ends of the tubes carry a mix of positive and negative 
charges due to the nature of the multilayer.  
3.4 Conclusion 
LbL assembled multilayer flat films and nanotubes were fabricated either by 
LbL deposition over a flat substrate or combining LbL assembly with template 
synthesis method. The studied systems have different chemistry ranging 
from strong polyelectrolytes to weak polyelectrolytes and biological 
macromolecules. Optimal deposition conditions are investigated for each 
system and obtained multilayers are characterized by different methods. 
Linear growth is observed for synthetic pairs while non-linear growth is 
observed for systems containing proteins and polyaminoacids. The salt 
concentration affects the thickness of the layers and results in thicker and 
rougher multilayers.  
Nanotubes have a tendency to flatten when deposited and dried over a flat 
surface. Biological nanotubes had the highest flattening amongst other 
studied systems indicating higher softness. The dry wall thickness of the 
nanotubes was measured by porometry, suggesting that during both 
deposition methods (3 bilayers of deposition by filtration or 6 bilayers of 
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deposition by dipping) the growth was stopped due to the formation of a 
dense gel inside the pores. When such a dense gel is formed due to the 
interconnection of chains across the pores, diffusion becomes the controlling 
parameter in growth and the growth rate is drastically slowed down. Upon 
drying, highly hydrated nanotubes lose their water and hollow nanotubes are 
formed inside the pores.  
The ends of the tubes can be further manipulated. Here, we demonstrated 
capping by alumina nanoparticles due to electrostatic interactions between 
negatively charged alumina nanoparticles and the mixed-charged ends of the 
nanotubes. 
Now that we mastered the process of fabricating multilayer assembled 
nanotubes by combining LbL assembly with template synthesis, we can move 
on with preparing functional nanotubes carrying a specific therapeutic cargo 
for biomedical applications.  
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4 Collection of LbL assembled nanotubes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this chapter, different methods to collect LbL assembled template-
synthesized nanotubes and disperse them in aqueous medium. Among them, 
a method based on simple filtration of nanotubes in the presence of a 
powdered dextran adjuvant leads to the collection and dispersion of any 
template-synthesized nano-object independent of its nature (polyelectrolyte 
nanotubes as well as gold nanowires and organic polypyrrole nanotubes). 
This universal method to collect membrane templated nano-objects with a 
high yield paves the way to further characterization of a large variety of 
nanotubes in aqueous solution and to their potential use as nanocarriers for 
therapeutic cargo. 
 
The results of this chapter are already published in Langmuir (2015) 1.  
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4.1 Introduction 
Over the last decade, template assisted LbL assembly became a popular 
strategy to fabricate various kind of nanotubes, especially, polymer and 
protein nanotubular structures and a lot of research has been dedicated to 
this field 2–16. However, although the key point for using these interesting 
nanotubular objects in biomedical applications is to efficiently extract them 
from the membrane without damage and to redisperse them in an 
appropriate medium, there are very few reports on the liberation of LbL 
nanotubes from the template and on their collection in an aqueous medium. 
Rubner et al. extracted hybrid tubes of micrometer size by dissolving the PC 
template in dichloromethane (CH2Cl2), a conventional solvent for PC, 
followed by a filtration step. The collected microtubes were then scraped off 
the filter surface and transferred to aqueous solution 17. Komatsu et al. 
managed to separate nanotubes from the template by a two-steps process. 
First, the PC template is dissolved immediately in a polar amide solvent 
(DMF), and the precipitated nanotubes are washed several times with DMF. 
Second, the obtained tubes were quickly freeze-dried in vacuum to yield the 
lyophilized nanotubes 18–30. Although efficient, this procedure sometimes 
leads to the formation of aggregates of nanotubes, which cannot be further 
redispersed in water. 
In the present study, different methods to collect and transfer membrane 
template-synthesized LbL assembled nanotubes to aqueous solution are 
tested. The efficiency of each method is evaluated and the reasons why a 
method excels or fails the nanotubes collection and dispersion process are 
investigated, our final goal being to develop a universal method allowing the 
quantitative collection of membrane template-synthesized nanotubes of 
different sizes, composition, and rigidity. Finally, the change in nanotubes 
rigidity after dispersion in aqueous solution was also evaluated.  
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4.2 Materials and Methods 
4.2.1 Materials 
Dichloromethane (CH2Cl2), dimethylformamide (DMF), sodium chloride 
(NaCl) and dextran (from Leuconostoc spp., Mw: 40 kDa), N-hydroxy 
sulfosuccinimide sodium salt (sulfo-NHS), N-(3-Dimethylaminopropyl)-N′-
ethyl carbodiimide hydrochloride (EDC), Polyallylamine hydrochloride (PAH, 
Mw: 58 kDa), poly(sodium 4-styrenesulfonate) (PSS, Mw: 70 kDa), polyacrylic 
acid (PAA, Mw: 100 kDa), poly-L-arginine (PLA, Mw > 70 kDa), ovalbumin 
(OVA, Mw: 45 kDa) and poly(allylamine hydrochloride) fluorescein 
isothiocyanate (PAH-FITC, Mw: 15 kDa maximum excitation at 495 nm and 
an maximum emission at 521 nm) with a monomer to dye ratio (PAH:FITC) of 
(50:1) were purchased from Sigma-Aldrich. Fluorescent ovalbumin (OVA 
Alexa Fluor Fluor 488) was purchased from Life Technologies. The Alexa Fluor 
Fluor 488 fluorophore has a maximum excitation peak at 495 nm and a 
maximum emission peak at 519 nm. Milli-Q water with 18.2 MΩ.cm 
resistivity was used in all experiments. All products were used as received. 
Sheets of track-etched polycarbonate membranes were provided by It4ip 
(Louvain-la-Neuve, Belgium, http://www.it4ip.be) with pore diameters of 
namely 100, 300 and 500 nm. The pore diameter of the PC membrane is not 
exactly as given by the supplier and a 5-10% variation is observed among the 
pores. All membranes had a thickness of 21 μm and a pore density of 108 
pores.cm-2. Hydrophilic poly(ethylene terephtalate) (PET) membranes with a 
pore size of 200 nm, thickness of 23 μm and pore density of about 5.108 
pores.cm-2 were provided by It4ip as well. 
4.2.2 Fabrication of LbL assembled nanotubes 
Except for fluorescent-tagged polyelectrolytes, all polyelectrolyte solutions 
were prepared at 1 mg.mL-1 concentration. OVA Alexa Fluor 488 and PAH-
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FITC polyelectrolytes were prepared at 0.1 mg.mL-1 and 0.5 mg.mL-1 
concentration, respectively. The PAH and PSS solutions used to grow 
PAH/PSS multilayers were prepared in water containing 150 mM NaCl. The 
PAH and PAA solutions used to grow PAH/PAA multilayers were prepared in 
100 mM acetate buffer at pH = 5.5. The PAH and OVA solutions used to grow 
PAH/OVA multilayers were prepared in 10 mM HEPES buffer at pH = 8, 
whereas the PLA and OVA solutions used to grow PLA/OVA multilayers were 
prepared in milli-Q water. These buffers and pH conditions were chosen 
based on the pKa of the polyelectrolytes and the isoelectric points of the 
proteins to obtain a polycation/polyanion system in each case. PC 
membranes were immersed for 30 minutes in each polyelectrolyte solution 
followed by an intermediate rinsing step of 5 minutes by immersion in an 
aqueous solution of same ionic strength and composition as used for the 
polyelectrolytes. These steps were cycled until 6 bilayers were achieved for 
all systems. During the LbL process, a polyelectrolyte multilayer crust forms 
on the top and bottom surfaces of the PC template. This film blocks the 
access to nanopores, and thus must be removed. Therefore, after every 
bilayer deposition, the top and bottom surfaces of the PC membranes were 
gently scrubbed with a cell scraper to eliminate this adherent layer. Optional 
crosslinking of PAH/PAA nanotubes was carried out by immersing the 
nanotube-containing PC membrane in a 100 mM MES buffer solution (pH = 
5.5) containing 25 mM EDC and 48 mM sulfo-NHS for approximately 24 hours 
at 4 °C. In the end, all samples were rinsed abundantly with milli-Q water to 
eliminate buffer salts, and dried and stored at room temperature. 
4.2.3 Releasing nanotubes from the template  
To release the nanotubes from the template, the PC membrane was 
dissolved in CH2Cl2, resulting in a colloidal suspension of nanotubes and 
dissolved PC in CH2Cl2. The nanotubes were then recovered by filtration of 
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this colloidal suspension over a hydrophilic PET membrane. To maximize the 
removal of remnant PC, fresh CH2Cl2, was flushed through the PET filter for 
several times. 
4.2.4 Verifying the stability of nanotubes in aqueous medium 
The stability of nanotubes in aqueous medium was verified by dissolving the 
PC template in CH2Cl2 and filtering the resulting suspension over a PET filter. 
The filter was then immersed in an aqueous medium for 24 hours. Nanotubes 
deposited on the filter surface were imaged by epi-fluorescence microscopy 
prior and after immersion in aqueous medium, to analyze the stability of 
nanotubes.  
4.2.5 Collection of nanotubes by precipitation and freeze-drying 
PC membrane containing nanotubes was dissolved in DMF. There was no 
immediate precipitation of nanotubes, therefore, the solution was 
centrifuged at 4000 rpm for 3 to 10 minutes. Nanotubes precipitated at the 
bottom of the container, forming a droplet separable from the rest of the 
solution. Excess solvent containing PC is removed and replaced by fresh 
solvent. The precipitate is then dispersed by agitation and sonicated for 5 
seconds and fresh DMF is added to the recipient (washing step). Once again, 
the sample is centrifuged and the whole cycle (washing step) is repeated for 
2-3 times. After the last washing step, samples are quickly freeze-dried in 
vacuum.  
4.2.6 Collection by biphasic method 
PC membrane holding the nanotubes was dissolved in CH2Cl2. The same 
volume of milli-Q water was then added to this organic solution in order to 
create a biphasic immiscible system with CH2Cl2 as the bottom phase and 
milli-Q water as the top phase. The mixture was stirred for 30 seconds and 
set aside to stabilize for 3 minutes. CH2Cl2 solution below the interface was 
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ejected out and removed and fresh CH2Cl2 was introduced to the solution 
(washing step). This washing step is repeated five times to maximize the PC 
removal. Afterwards, in order to remove the remaining CH2Cl2 from the 
bottom of the recipient, air was injected in the recipient to create air bubbles. 
These bubbles perturb the biphasic system and facilitate the CH2Cl2 arrival at 
the surface of the solution. After reaching the surface, CH2Cl2 evaporates 
rapidly due to its low boiling point (∼40 ◦C). Finally, an aqueous solution 
containing liberated nanotubes remains in the test tube. 
4.2.7 Collection and re-dispersion of nanotubes with a virgin PET filter 
The suspension of fluorescent-tagged nanotubes was filtered through a PET 
filter. The PET filter with nanotubes deposited on top was then immersed in 
2mL milli-Q water and stirred for 24 hours, before being stored at 4 °C. 
4.2.8 Collection and re-dispersion of nanotubes with a coated PET 
filter 
The PET filter was spin coated with an aqueous solution of 50 mg.mL-1 
dextran. The spin-coating process was carried out for 1 min at a speed of 
1000 rpm followed by 4 minutes at a speed of 4000 rpm. The PET filter coated 
with dextran was then heated at 150 °C for 2 minutes. The filter was set aside 
to dry overnight. The colloidal suspension of nanotubes in CH2Cl2 was then 
filtered through the filter. The filter was finally immersed in 2 mL milli-Q 
water and stirred for 24 hours before being stored at 4 °C.  
4.2.9 Collection by adjuvant assisted method 
NaCl or dextran were used as water-soluble and CH2Cl2 -insoluble adjuvants 
in the collection process. NaCl was milled for 20 seconds to obtain a fine 
powder of 1-2 µm size. Dextran was already available as a fine powder and 
needed no further milling. 20-25 mg of adjuvant was first dispersed in pure 
CH2Cl2 and filtered over a PET filter, leading to formation of a thin porous 
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pellet over the PET filter inside the filtration gasket. This layer aims to mask 
interactions between the nano-objects and the filter surface. Next, another 
20-25 mg of adjuvant was added to and dispersed in the colloidal suspension 
of nanotubes in CH2Cl2. The colloidal suspension was filtered through the 
previously prepared PET filter, thereby building a porous pellet with trapped 
nanotubes, lying over the pure adjuvant bottom layer. We found that it is 
crucial to have nanotubes trapped in the whole volume of the pellet. If this 
step is not followed properly, nanotubes will stack over the surface of the 
porous adjuvant pellet, resulting in the formation of clusters of nanotubes 
upon dispersing the pellet in the aqueous solution. To ensure the total 
removal of PC traces, CH2Cl2 was flushed gently several times through the 
whole system. The adjuvant pellet was then removed from the filtration 
gasket and immersed in 2 mL milli-Q water. The aqueous suspension 
containing the nanotubes and the dissolved adjuvant was then stirred for 15 
minutes before being stored at 4 °C. 
4.2.10 Characterization methods 
SEM and STEM observations 
Samples were observed with a field emission scanning electron microscope 
(JSM-7600F, JEOL Ltd.), equipped with a transmission detector. SEM 
measurements were performed at 15 keV for the scanning mode and 30 keV 
for the scanning transmission mode. 
For SEM imaging, the CH2Cl2 or aqueous suspension of nano-objects was 
filtered through a PET filter coated with a 20 nm layer of gold. For scanning 
transmission electron microscopy (STEM), a few drops of the colloidal 
suspension (either in water or in CH2Cl2) was dropped over a carbon-coated 
copper TEM grid (200 mesh, Electron Microscopy Sciences) and air-dried at 
room temperature.  
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Fluorescence microscopy 
The suspension of fluorescent-tagged nanotubes was filtered through a PET 
filter for epi-fluorescence optical microscopy. Fluorescence images were 
obtained by an Olympus IX2 inverted epi- microscope equipped with a FITC 
filter set. 
Image analysis for determining flattening and flexibility of nanotubes 
The pore diameter of PC membranes as well as the outer diameter of the 
nanotubes prior and after being in contact with the aqueous solution was 
determined from SEM and STEM images using ImageJ software (developed 
by Wayne Rasband, National Institutes of Health, Bethesda, MD). 30 
measurements for each system were taken to obtain the average and 
standard deviation values. The root-mean-square end-to-end distance of 
nanotubes < 𝑅𝐸𝐸
2 > as well as their average contour length 𝐿 were 
calculated by homemade routines written in Igor Pro v.6.3 (WaveMetrics, 
Inc), measuring about 25 different nanotubes for each system. 
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4.3 Results and Discussion 
4.3.1 Nanotubes stability in aqueous medium 
Before testing different strategies for collecting and dispersing LbL 
nanotubes in aqueous medium, we first evaluated the stability of these 
nanotubes in water. 
To this aim, two types of nanotubes (PLA/OVA Alexa Fluor 488)6 and (PAH-
FITC/OVA)6 were assembled inside the pores of a PC membrane. Tubes were 
released from the template by dissolving PC in CH2Cl2 solvent and the 
obtained nanotube suspension was filtered over a PET filter. This filter was 
then immersed in milli-Q water and was stirred for 5 days.  
 
Figure 4.1.Epi-fluorescence microscopy images of (PLA/OVA Alexa Fluor 
Fluor 488)6 nanotubes (a) after filtration over a PET filter and prior to 
immersion in aqueous solution, (b) after immersion in aqueous solution for 
5 days (b).  
 
Figure 4.1 shows fluorescence microscopy images of (PLA/OVA Alexa Fluor 
488)6 nanotubes deposited over PET filter prior and after being immersed in 
milli-Q water for 5 consecutive days. It is observed that under these 
conditions nanotubes retain their tubular structure and are not 
disassembled. Next, stability of nanotubes in aqueous solutions of different 
ionic strengths was examined. Organic suspension of nanotubes was again 
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filtered over a PET filter and the filter was immersed in aqueous solutions 
containing 100 mM, 200 mM and 500 mM of NaCl. 
 
Figure 4.2. Epi-fluorescence microscopy images of (PLA/OVA Alexa Fluor 
488)6 nanotubes filtered over a PET filter and immerse for 30 minutes in milli-
Q water containing: (a) no salt, (b) 100 mM NaCl, (c) 200 mM NaCl and (d) 
500 mM NaCl. (The acquisition conditions of fluorescence images are 
different and thus, the intensity of the images could not be compared.) 
 
Figure 4.2 shows fluorescence microscopy images of (PLA/OVA Alexa Fluor 
488)6 nanotubes prior to immersion in aqueous solution and after immersion 
in NaCl solutions of different ionic strengths.  
From these results, we can conclude that these protein-based nanotubes are 
stable in aqueous medium and are thus adequate for applications requiring 
nanotubes dispersed in water.  
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4.3.2 Nanotubes collection by precipitation and freeze-drying 
Transferring membrane template-synthesized LbL assembled nanotubes to 
aqueous solution is very challenging. At first, we tried to reproduce the 
method reported by Komatsu et al who collected (PLA/HSA)3 nanotubes and 
redispersed them in aqueous solution. For that purpose, we used a simple 
and well-known system based on synthetic polyelectrolytes (PAH/PSS). The 
method consists in two steps. First, the PC template is dissolved in a polar 
amide solvent (DMF) resulting in instantaneous precipitation of nanotubes. 
The precipitated nanotubes are then washed several times with DMF to 
maximize the PC removal. Second, the obtained tubes are quickly freeze-
dried in vacuum to yield lyophilized nanotubes. This lyophilized powder is 
then redispersed in aqueous medium of choice. We followed this method 
step-by-step and obtained a lyophilized powder of nanotubes. However, we 
were not able to disperse the powder in aqueous medium. When the powder 
was added to the aqueous solution, it broke into smaller insoluble 
aggregates. It was essential to determine why the lyophilized powder of 
nanotubes was not dispersible in aqueous medium. To that aim, the 
lyophilized powder was imaged by SEM (Figure 4.3.a).  
 
Figure 4.3. (a) SEM image of (PAH-FITC/PSS)6 nanotubes after collection by 
precipitation and freeze-drying, (b) Epi-fluorescence microscopy image of 
(PAH-FITC/PSS)6 nanotubes after dissolving some lyophilized nanotubes 
powder in CH2Cl2. 
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From Figure 4.3.a one can observe a bundle of nanotubes that are sticking 
together probably due to the presence of remaining PC. To verify this 
hypothesis, some lyophilized powder was added to CH2Cl2 and the 
suspension was filtered through a virgin PET filter. The deposited matter on 
the filter was then imaged by epi-fluorescence microscopy, revealing well-
separated fluorescent nanotubes (Figure 4.3.b). These results suggest that 
some residual PC was indeed present in the lyophilized powder, inhibiting 
nanotubes separation and dispersion in aqueous medium. The difficulty in 
proper removal of PC is the major drawback of Komatsu’s method for 
efficient collection and dispersion of nanotubes in aqueous medium. We 
therefore try to develop another strategy.  
4.3.3 Nanotubes collection based on an immiscible biphasic system 
As nanotubes are composed of hydrophilic polyelectrolytes and PC is soluble 
in many organic solvents, we tried to separate them using a biphasic 
collection system made of two compartments: one compartment (organic 
phase) dedicated to the dissolution of PC and another one dedicated to the 
collection of the tubes (aqueous medium, suitable for further biological 
applications). To this aim, CH2Cl2 was selected as PC dissolving compartment 
and milli-Q water was chosen as the nanotubes collecting compartment. 
CH2Cl2 has a very low miscibility in water (0.24% at 20 °C) and consequently, 
a biphasic system can be obtained with CH2Cl2 in the bottom and water on 
top due to higher density of CH2Cl2 (1.3 g.cm-3).  
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Figure 4.4. Schematic representation of PC separation and nanotube 
collection by creating an immiscible biphasic system. (a) dissolution of PC 
membrane containing LbL assembled nanotubes in CH2Cl2, (b) addition of 
water to the solution, (c) mixing the whole system, (d) setting the mixture 
aside to stabilize, (e) partial removal of CH2Cl2 and addition of fresh CH2Cl2, 
steps b-e (washing steps) were repeated 5 times, (f) ejecting the remaining 
solution to a glass test tube, (g) injecting air to create bubbles and remove 
the remaining CH2Cl2. 
 
A schematic representation of the developed immiscible biphasic system 
process for collecting (PLA/OVA Alexa Fluor 488)6 nanotubes is shown in 
Figure 4.4. PC membrane containing LbL assembled nanotubes was dissolved 
in dichloromethane and then milli-Q water was added to nanotubes 
suspension creating an immiscible biphasic solution. The mixture was 
agitated in order to put nanotubes in contact with aqueous medium and then 
set aside to stabilize. A few drops from water compartment, CH2Cl2 
compartment and their interface were separately filtered through PET filters 
in order to detect if nanotubes have migrated from the organic phase to the 
aqueous phase. There were almost no nanotubes detected in the organic 
phase and a very low number of nanotubes detected in aqueous 
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compartment. However, a large number of nanotubes were detected at the 
water/CH2Cl2 interface.  
Figure 4.5.a shows epi-fluorescence microscopy image of (PLA/OVA Alexa 
Fluor 488)6 nanotubes trapped at water/organic solvent interface. 
Nanotubes migrate towards the interface to reduce the tension between the 
two phases. After being in contact with water, these tubes became highly 
flexible and formed loops. 
To maximize the PC removal, organic compartment of dissolved PC in CH2Cl2 
was ejected away while aqueous compartment and the interface were kept. 
Next, fresh CH2Cl2 was again added to this solution followed by agitation and 
stirring (washing step). This process was repeated 5 times to increase PC 
dissolution and removal. In the end, a final biphasic system constituted of the 
aqueous phase and a very little amount of CH2Cl2 was obtained. To 
completely remove CH2Cl2, air was injected in this solution, creating bubbles 
and perturbing the biphasic system. This perturbation facilitates the solvent 
arrival at the air/liquid interface. After reaching the interface, CH2Cl2 
evaporates rapidly due to its low boiling point (~ 40 °C). Finally, an aqueous 
solution containing liberated tubes remained.  
In order to determine the behavior of the nanotubes during the whole 
collection process, the solution was analyzed at different points: 
1. The water/ CH2Cl2 interface; 
2. The solution at water/glass interface after complete removal of 
CH2Cl2; 
3. The final aqueous collection solution.  
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Figure 4.5. Epi-fluorescence microscopy images of (a) (PLA/OVA Alexa 488)6 
at the water/CH2Cl2 interface, (b) (PAH-FITC/PSS)6 nanotubes at the 
water/CH2Cl2 interface, (c) (PAH-FITC)6 nanotubes at the water/glass 
interface, (d) (PAH-FITC/PSS)6 nanotubes collected in water. (The acquisition 
conditions of fluorescence images are different and thus, the intensity of the 
images could not be compared.) 
 
Figure 4.5.b shows (PAH-FITC/PSS)6 nanotubes at water/CH2Cl2 interface. 
Nanotubes have migrated to the interface. However, they appear to be 
stiffer and less deformed compared to (PLA/OVA Alexa Fluor 488)6 
nanotubes (Figure 4.5.a). Figure 4.5.c shows (PAH-FITC/PSS)6 nanotubes at 
water/glass interface after complete evaporation of CH2Cl2. It was observed 
that a considerable amount of nanotubes stuck on the recipient surface. 
Figure 4.5.d showing collected nanotubes in the final aqueous solution 
demonstrated that the number of collected nanotubes in water is quite low. 
The same collection process was repeated for (PLA/OVA Alexa Fluor 488)6 
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nanotubes and again, large amounts of nanotubes were lost during the 
rinsing process. This might be caused by the presence of LbL crust, which was 
not completely removed during the nanotubes build-up process. This crust 
prevents nanotubes migration from the interface to the aqueous solution.  
Although trapping the nanotubes at the interface of an immiscible biphasic 
system appeared to be a promising approach for nanotubes collection in 
water, the process proved to be rather inefficient. This results from the 
existence of numerous attractive interactions between nanotubes and the 
recipient surfaces and between nanotubes themselves that interfere with 
the collection process. As those interacting forces can hardly be fully 
controlled, another strategy was envisaged for collecting nanotubes.  
4.3.4 Collection of nanotubes by filtration over a modified filter 
Filtration appears to be an easy process and leads to the collection of a large 
number of nanotubes over the PET filter. We therefore tried to benefit from 
a simple two-step process, consisting of first filtering a CH2Cl2 suspension of 
dissolved PC and liberated nanotubes over a PET filter, followed by 
immersing the PET filter in an aqueous solution and stirring the system to 
gently detach the nanotubes from the PET filter surface and disperse them 
in aqueous medium. Looking back to Figure 4.1, epi-fluorescence microscopy 
image of (PLA/OVA Alexa Fluor 488)6 nanotubes prior and after being 
immersed and stirred in aqueous medium, it is evident that nanotubes do 
not leave the PET filter surface. There exist interactions between nanotubes 
and PET filter as well as between nanotubes themselves, which inhibit their 
detachment from filter and collection in aqueous medium.  
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Figure 4.6. Schematic representation of nanotubes collection by filtration 
over a PET filter coated with a sacrificial layer, (a) dextran was coated on the 
surface of PET filter, (b) nanotubes were filtered over this modified filter, (c) 
immersing the filter in aqueous solution for further detachment of 
nanotubes from the surface and release in aqueous solution.  
 
A simple approach to completely mask interactions between nanotubes and 
the filter could be coating the PET filter surface with a thin sacrificial layer 
(Figure 4.6). The collection procedure consists of filtering the nanotubes over 
this sacrificial later and then releasing them in aqueous medium by dissolving 
the coated layer. The sacrificial layer must be resistant to CH2Cl2 but highly 
soluble in aqueous solution to release the deposited nanotubes upon 
immersion in aqueous solution. Dextran was chosen as the sacrificial layer to 
be deposited on the surface of PET filter as it has already been demonstrated 
that dextran can act as water-soluble sacrificial later especially for 
micromachining applications 31.  
PET filter Dextran coating 
a c	b
Filtering  
nanotubes 
Sacrificial coating dissolution 
nanotubes detachment  
and dispersion 
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Figure 4.7. (a) SEM image of 200 nm pore diameter PET membrane before 
and (b) after being coated with dextran.  
 
Considering conditions suggested by Linder et al.31 we deposited about 50 
nm of dextran on PET surface. Figure 4.7.a and Figure 4.7.b show SEM images 
of PET filter prior and after dextran layer deposition. As shown in Figure 4.7 
the pore size of the PET filter did not change a lot after dextran deposition. 
The pore sizes was found to be 137 ± 22 nm after measuring the dimensions 
of about 100 pores and also there were no observable cracks on the filter 
surface. Considering these, the dextran coated PET filter could still be used 
as a filter and the collection procedure could be carried on. 
PC membrane with (PLA/OVA Alexa Fluor 488)6 nanotubes assembled within 
its pores was first dissolved in CH2Cl2 and then filtered through dextran-
coated PET filter. The filter was then immersed in aqueous solution and 
stirred for 24h.  
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Figure 4.8. Epi-fluorescence microscopy image of (PLA/OVA Alexa 488)6 
nanotubes, (a) after being filtered over a dextran-coated PET filter, (b) still 
remaining on the surface of filter, after being immersed and stirred in 
aqueous solution for 24 hours.  
 
Epi-fluorescence microscopy images (Figure 4.8) showed that nanotubes 
remained stuck on the filter surface and no nanotubes were collected in 
aqueous solution. This behavior can be explained by attractive interactions 
between the LbL nanotubes. Positive charged surfaces of one tube may 
interact with negative charged surface of another tube in addition to other 
short-range interactions between the tubes, resulting in the formation of a 
bundle of tubes, unable to detach from the filter surface.  
 
Figure 4.9. Epi-fluorescence microscopy image of (PLA/OVA Alexa 488)6 
nanotubes, (a) remained on the surface modified PET filter after being 
immersed and stirred in aqueous solution for 24 hours, (b) remained on the 
surface of the PET filter after being immersed and stirred in CH2Cl2 solution. 
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To demonstrate the extent of nanotubes interactions among themselves in 
the release process, the PET filter with nanotubes remaining on top was 
immersed back in fresh CH2Cl2 and stirred for 2 days (Figure 4.9). By 
comparing Figure 4.9.a and Figure 4.9.b, it is again observed that nanotubes 
did not detach from the PET surface. We can therefore conclude that 
nanotubes are indeed interacting with each other and that those interactions 
are irreversible.  
4.3.5 Collection of nanotubes by filtration in presence of an adjuvant 
As our previous attempts to overcome the short-range forces between the 
nanotubes were inefficient, a new strategy consisting in first creating a 
masking porous layer over the PET filter and then trapping the nanotubes in 
porous “protective cages” on top of the filter surface was considered. The 
porous cages must be resistant to CH2Cl2 while being highly soluble in 
aqueous solution so that trapped nanotubes can be released in aqueous 
solution; in addition, the material of the cages must be biologically innocuous 
for medical applications.  
To create the porous masking layer, a powdered adjuvant was dispersed in 
pure CH2Cl2 and then filtered over a PET filter, forming a thin disk-shaped 
porous pellet. This masking layer will minimize the chances of nanotubes 
becoming in contact with the filter surface. 
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Figure 4.10. Schematic representation of nanotube collection by the 
adjuvant-assisted filtration method, (a) the adjuvant powder is dispersed in 
CH2Cl2 and filtered over a PET filter, (b) a thin disk-shaped pellet of adjuvant 
forms over the PET filter, (c) the adjuvant powder is added to the colloidal 
suspension of nanotubes in CH2Cl2 and filtered through the adjuvant-masked 
PET filter, (d) the nanotubes are trapped inside the newly formed adjuvant 
pellet, (e) the adjuvant pellet is dissolved in aqueous solution and the 
nanotubes are released.  
 
To build the porous trapping cage, more powdered adjuvant was added to 
the CH2Cl2 colloidal suspension. By filtering the CH2Cl2 solution (containing 
nanotubes, dissolved PC, and adjuvant) through the adjuvant-masked PET 
filter, a new porous pellet of adjuvant is formed over the previous one. It is 
important to mix nanotubes with the adjuvant prior to filtration in order to 
minimize interactions between nanotubes and avoid clustering. Indeed, if 
the nanotubes are not evenly dispersed through the porous pellet a mat of 
nanotubes will be formed that will not be further dispersed in aqueous 
solution. After filtration, the nanotube-containing adjuvant pellet was 
dissolved in aqueous solution leading to release of the nanotubes 
(Figure 4.10).   
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Figure 4.11. Epi-fluorescence images of (a) (PAH-FITC/PSS)6 nanotubes, (b) 
non-crosslinked (PAH-FITC/PAA)6 nanotubes and (c) crosslinked (PAH-
FITC/PAA)6 nanotubes, collected in aqueous solution by NaCl adjuvant-
assisted collection method.  
 
Sodium chloride was chosen as a potential adjuvant as it is not soluble in 
CH2Cl2 and yet highly soluble in aqueous solution. As shown in Figure 4.11.a, 
(PAH-FITC/PSS)6 nanotubes were successfully collected and dispersed in 
aqueous solution by this method. Moving forward to the (PAH-FITC/PAA)6 
system, it was observed that the nanotubes lose their tubular structure when 
placed in contact with the aqueous solution (Figure 4.11.b).This deformation 
can be explained by the ionic shock induced by the dissolution of the NaCl 
powder that holds the nanotubes. To increase the ionic strength resistance 
of the (PAH-FITC/PAA)6 structures, the nanotubes were chemically 
crosslinked with EDC/sulfo-NHS. Figure 4.11.c demonstrates that chemical 
crosslinking is efficient in reinforcing (PAH-FITC/PAA)6 nanotubes against 
ionic shock, since well-shaped (PAH-FITC/PAA)6 nanotubes were successfully 
collected.  
To suppress this ionic shock and the subsequent need to crosslink the 
nanotubes, the collection process was slightly modified by replacing NaCl by 
dextran as adjuvant. Dextran is uncharged in aqueous solution and 
consequently does not modify the ionic strength of the aqueous solution. 
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Protein-based nanotubes were therefore trapped inside dextran pellets and 
further released in aqueous solution. 
 
Figure 4.12. Nanotubes were imaged after collection in aqueous solution by 
the dextran adjuvant-assisted method. SEM images of (a) (PAH/OVA)6, (b) 
(PLA/OVA)6, (c) (PAH/PSS)6, (d) (PAH/PAA)6 nanotubes.  
 
SEM pictures in Figure 4.12.a and Figure 4.12.b show (PAH/OVA)6 and 
(PLA/OVA)6 nanotubes after successful collection in aqueous solution. These 
protein-based nanotubes keep their tubular form but are highly flexible after 
contact with water. (PLA/OVA)6 nanotubes are punctured at some points. 
This probably results from the high swelling of these nanotubes upon contact 
with water. Synthetic polyelectrolyte LbL nanotubes of (PAH/PSS)6 and 
(PAH/PAA)6 were also successfully collected in aqueous solution by dextran 
adjuvant-assisted method (Figure 4.12.c and Figure 4.12.d).  
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4.3.6 Evaluating nanotubes rigidity after dispersion in aqueous 
medium 
As observed in Figure 4.12, LbL assembled nanotubes have a tendency to 
bend, fold and form loops after being dispersed in aqueous solution. In other 
words, there is a difference in nanotubes rigidity prior and after being 
dispersed in aqueous solution. To quantify the extent of rigidity modification, 
the root-mean-square (rms) end-to-end distance < 𝑅𝐸𝐸
2 >1/2 of each type 
of nanotubes as well as their average contour length 𝐿 were measured. For 
wormlike objects such as our nanotubes in water, < 𝑅𝐸𝐸
2 > = 2𝐿. 𝐿𝑃 when 
the persistence length of the tube, 𝐿𝑃, is much smaller than the contour 
length 32. In contrast, when 𝐿𝑃 ≫ 𝐿, , < 𝑅𝐸𝐸
2 > = 𝐿2. Therefore, the ratio 
< 𝑅𝐸𝐸
2 >/𝐿2 can be taken as an index quantifying the rigidity of the 
nanotubes, ranging from 1 for very rigid nanotubes of long persistence 
length, to 2𝐿𝑃 < 1 for softer ones. Because the persistence length is 
proportional to the bending rigidity of the tubes the ratio < 𝑅𝐸𝐸
2 >/𝐿2 is 
actually indicative of the rigidity of the tubes per unit length 33. This ratio was 
calculated for each system and the results gathered in Figure 4.13 give us an 
idea about how flexible nanotubes become after being dispersed in aqueous 
solution.  
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Figure 4.13.Comparison of the degree of rigidity of studied nanotubes before 
and after being dispersed in aqueous solution (left and right columns, 
respectively). The degree of rigidity is defined as <REE2>/L2. (Values are 
calculated from 25 nanotubes for each system).  
 
It is observed that the index of rigidity of LbL assembled nanotubes is close 
to 1 when they are just liberated from the PC template and dispersed in 
organic solvent (CH2Cl2), meaning that nanotubes are mostly rod-shaped. 
However, the rigidity index drops drastically after being in contact with 
water. Different parameters can affect the persistence length of the 
nanotubes 34. The persistence length can be expressed by  
𝐿𝑃 =
𝐵𝑠
𝑘𝑏𝑇
 (4.1) 
where 𝐿𝑃 is the persistence length (m), 𝐵𝑠 is the bending stiffness (N.m), 𝑘𝐵 
is Boltzmann’s constant (J.K-1) and 𝑇 is the temperature (K). The bending 
stiffness is also related to the young modulus and area momentum of inertia 
of the beam cross-section as expressed below 
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𝐵𝑠 = 𝐸. 𝐼 (4.2) 
where E is the Young's modulus (N.m-2), and I the area moment of inertia (m4) 
which for a hollow cylinder can be expressed by 
𝐼 =
𝜋
4
(𝑟𝑜𝑢𝑡𝑒𝑟
4 −  𝑟𝑖𝑛𝑛𝑒𝑟
4) (4.3) 
where 𝑟𝑖𝑛𝑛𝑒𝑟 and 𝑟𝑜𝑢𝑡𝑒𝑟 are the inner and outer radius (m) of the hollow 
cylinder. Therefore, the persistence length of the nanotubes can be 
expressed by 
𝐿𝑃 =  
𝜋
4𝑘𝐵𝑇
𝐸(𝑟𝑜𝑢𝑡𝑒𝑟
4 − 𝑟𝑖𝑛𝑛𝑒𝑟
4) (4.4) 
 
Taking Equation 4.4 into account, one can clearly understand why there is a 
drastic decrease in nanotubes rigidity degree upon dispersion in aqueous 
medium. Due to hydrophilic nature of the polyelectrolytes used as nanotubes 
building blocks, nanotubes swell upon dispersion in aqueous solution, 
leading to an increase of both 𝑟𝑜𝑢𝑡𝑒𝑟 and 𝑟𝑖𝑛𝑛𝑒𝑟; this factor should contribute 
to an increase of the persistence length. However, the Young's modulus of 
swollen nanotubes is very strongly decreased, which dominates the effects, 
resulting in a decrease of 𝐿𝑃. Finally, temperature also affects the persistence 
length.  
Comparing the studied systems, (PAH/OVA)6 and (PAH/PSS)6 have a lower 
rigidity loss. (PAH/PAA)6 nanotubes became more flexible upon dispersion in 
water. These nanotubes have a lower wall thickness comparing to other PAH 
containing nanotubes (see table 3.3) and thus cannot resist the deformation 
caused by swelling. Biological (PLA/OVA)6 nanotubes lose their rigidity by 
60% upon dispersion in aqueous medium. Such a high loss in rigidity can 
explain the rupture and punctured points observed in these tubes after being 
immersed in water.  
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4.4 Conclusion 
In this chapter, we focused on different methods to collect and disperse LbL 
assembled nanotubes in aqueous medium. Our very first attempt was based 
on previously proposed methods in the literature, which was dissolving the 
membrane and obtaining a precipitate of nanotubes. We observed that this 
method might result in formation of nanotubes aggregates sticking to each 
other with the remnants of undissolved membrane, which could not be 
dispersed in aqueous solution. Further efforts were based on making a 2-
compartment organic solvent/ aqueous medium system with nanotubes 
trapped at their interface. Nevertheless, this method also did not result in 
proper collection of tubes. Next, we focused on filtering nanotubes over a 
filter and aiming for their further detachment. To do so, the filter surface was 
coated with an organic-solvent resistant yet water-soluble dextran film. This 
sacrificial layer was expected to mask interactions between nanotubes and 
the filter surface while facilitating their detachment and dispersion in 
aqueous medium. However, it was proved that nanotubes did not leave the 
filter surface and their collection process failed. This was explained by the 
interactions amongst nanotubes themselves. Therefore, we came to 
conclusion that an extra measure has to be taken to minimize interactions as 
much as possible. 
A new method was developed based on simple filtration while using a 
powdered adjuvant to form a protective cage and trap nanotubes within its 
volume. This method was proved successful in collection of nanotubes 
independent of their nature. In a parallel work (not mentioned here) organic 
polypyrrole nanotubes and metallic gold nanowires were also collected and 
dispersed in aqueous medium by this universal method. This adjuvant-
assisted collection method presents several advantages. First, because the 
method is based on a very simple filtration process, it allows maximizing the 
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PC template removal by increasing the amount of CH2Cl2 solvent. Second, the 
method gives the opportunity of collecting a large number of nanotubes in 
one single filtration process. This method is especially applicable and 
interesting for systems where there is only a small amount of nanotubes to 
collect (for instance, a low amount of nanotubes composed of expensive 
molecules). 
The morphology of nanotubes was studied in order to determine how they 
react upon dispersion in aqueous medium. To this aim, the root mean square 
end-to-end distance of nanotubes < 𝑅𝐸𝐸
2 >/𝐿2 as well as their contour 
length 𝐿 were measured. We assigned < 𝑅𝐸𝐸
2 >/𝐿2 as an indicator of 
nanotubes rigidity. It was observed that before being dispersed in aqueous 
medium, all nanotubes were rod-shaped and they became flexible upon 
contact with water. Protein-based nanotubes had the highest loss in rigidity 
upon contact with water and were the most flexible of the bunch. This 
increased flexibility and associated softness is the reason of the difficulty to 
collect the LbL nanotubes, a problem successfully overcame by the adjuvant-
assisted collection method.  
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5 Functionalization of polyelectrolyte 
multilayer assembled systems with 
poly(ethylene glycol) chains 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter aims for functionalizing the LbL assembled multilayers with 
antifouling PEG chains. Block and graft polyelectrolyte-PEG copolymers were 
used both on flat surfaces and inside the pores to incorporate PEG chains in 
the structure of multilayer films. The presence of PEG chains was analyzed 
by different characterization methods. An additional alternative method 
based on direct grafting of PEG chains via covalent bonding was also 
introduced and the success of grafting was evaluated.  
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5.1 Introduction 
When preparing carriers for drug delivery applications, there is a crucial need 
to protect the carrier and the cargo from undesired reactions or interactions 
that may result in degradation of the cargo or elimination of the carrier 
before its arrival at target destination. For instance, it is known that plasma 
proteins interact with the surface of carriers directly after their entrance in 
the body. Such interactions might cause unspecific uptake and removal by 
the mononuclear phagocytic system, which comprises migrating phagocytes, 
such as dendritic cells and macrophages. Therefore, reducing the amount of 
adsorbed protein on the surface of the carrier plays a big role in the stability 
of drug carriers and will decrease undesirable phagocytosis 1–9. 
Highly hydrophilic poly(ethylene glycol) (PEG) has been widely used as a 
surface modifier that provides antifouling properties which results in 
reduction of protein and serum adsorption on the surface of drug carriers 
and ultimately improves their circulation by providing antifouling 
characteristics to the particle. PEG has low toxicity and is thus a very 
attractive substance for biomedical applications, although its 
immunogenicity is increasingly questioned 10–12.  
Extensive research has been dedicated to the application of PEG in 
biomedical engineering. It has been observed both in vitro and in vivo that a 
dense and strongly attached layer of PEG exhibits low degrees of blood 
serum and protein adsorption as well as reduction in cell adhesion leading to 
a reduced risk of thrombus formation 13–15. It is generally understood that the 
protein rejecting ability of PEG is due to the fact that PEG is hydrophilic and 
strongly hydrated, free of charged groups, flexible and mobile which results 
in steric stabilization 16–19. 
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One of the most common methods of introducing PEG chains on a target 
surface involves a controlled covalent coupling of reactive PEG derivatives to 
anchoring surface groups, or adsorption of surface-active PEG derivatives 
which consist of PEG molecules coupled to functional groups that have an 
affinity for the target surface 15,16,20. 
Most recently, polyelectrolyte-g-PEG graft copolymers have been 
incorporated in polyelectrolyte multilayer capsules, as a protective shell in 
order to provide antifouling and stealth properties to LbL assembled 
capsules. It was observed that the presence of the PEG shell prevented the 
aggregation of capsules and reduced the inflammatory response as well 21–
25. Incorporation of polyelectrolyte-b-PEG block copolymers on the surface of 
nanoparticles has also been studied and the effect of different parameters 
such as the blocks length on surface antifouling properties has been 
investigated 26. 
In this study, we aim to functionalize with PEG chains the surface of 
multilayer LbL assembled flat films as well as the surface of template 
synthesized LbL assembled nanotubes with PEG chains by different 
methodologies. Block and graft polyelectrolyte-PEG copolymers are 
incorporated as the building blocks during the LbL assembly and the presence 
of PEG chains on the surface is analyzed by different methods. Other grafting 
methods, such as reacting the surface of LbL assembled flat films or LbL 
assembled nanotubes with PEG-containing reagents are also studied. In the 
end, we propose an effective method to functionalize the surface of 
nanotubes with PEG chains (Figure 5.1). Such PEG-functionalized nanotubes 
with antifouling properties will be strong candidates for drug delivery 
applications. 
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Figure 5.1. A flowchart of the main steps in this chapter. 
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5.2 Materials and Methods 
5.2.1 Materials 
Dichloromethane (CH2Cl2), chloroform (CHCl3), sodium chloride (NaCl), 2-(N-
morpholino) ethanesulfonic acid (MES) monohydrate, 4-(2-hydroxyethyl) 
piperazine-1-ethane sulfonic acid (HEPES), Polyallylamine hydrochloride 
(PAH, Mw: 58 kDa), poly(sodium 4-styrenesulfonate) (PSS, Mw: 70 kDa), 
polyacrylic acid (PAA, Mw: 100 kDa), poly-L-arginine (PLA, Mw > 70 kDa), 
ovalbumin (OVA, Mw: 45 kDa), poly-L-lysine hydrobromide (PLL, Mw: 30 - 70 
kDa ), fluorescein isothiocyanate tagged PAH (PAH-FITC, Mw: 15 kDa 
maximum excitation at 495 nm and a maximum emission at 521 nm) with a 
monomer to dye ratio of 50:1 were purchased from Sigma Aldrich. Poly-L-
lysine (PLL, MW ~ 20 kDa) grafted with polyethylene glycol (PEG, MW ~ 2 kDa) 
(PLL-g-PEG) with a grafting ratio of PLL units to PEG chains (PLL : PEG = 3.5) 
was purchased from SuSoS. Block copolymers of poly-L-lysine hydrochloride 
(PLL) and polyethylene glycol (PEG, MW ~ 5 kDa, degree of polymerization (n) 
= 113) with either a polymerization degree of 10 (PLL10-b-PEG, MW ~ 6.6 kDa) 
or 50 (PLL50-b-PEG, MW ~ 13 kDa) for the poly-L-lysine block, were purchased 
from Alamanda Polymers. Methoxyl poly(ethylene glycol) succinimidyl ester 
(PEG-NHS, Mw = 2 kDa), fluorescein isothiocyanate poly(ethylene glycol) 
succinimidyl ester (FITC-PEG-NHS) (Mw: 2 kDa, maximum excitation at 495 
nm and a maximum emission at 521 nm) was purchased from NANOCS. Milli-
Q water with 18.2 MΩ.cm resistivity was used in all experiments. All products 
were used as received. 
Sheets of track-etched polycarbonate membranes were provided by It4ip 
(Louvain-la-Neuve, Belgium, http://www.it4ip.be) with pore diameters of 
namely 500 nm. The pore diameter of the PC membrane is not exactly as 
given by the supplier and a 5-10% variation is observed among the pores. All 
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membranes had a thickness of 21 μm and a pore density of 108 pores.cm-2. 
Hydrophilic poly(ethylene terephtalate) (PET) membranes with a pore size of 
200 nm, thickness of 23 μm and pore density of about 5.108 pores.cm-2 were 
provided by It4ip as well. 
5.2.2 Fabrication of LbL assembled flat films  
All polyelectrolyte solutions were prepared at 1 mg.mL-1 concentration.  
Flat multilayers composed of polyelectrolytes only 
PAH and PSS solutions used to grow PAH/PSS multilayers were prepared in 
water containing 150 mM NaCl. The PAH and PAA solutions used to grow 
PAH/PAA multilayers were prepared in 150 mM MES buffer at pH = 5.5. 
PLA/OVA multilayers were grown in milli-Q water with 150 mM NaCl. PLL 
polyelectrolyte was also prepared in milli-Q water containing 150 mM NaCl. 
Optional crosslinking of PAH/PAA nanotubes was carried out by immersing 
the nanotube-containing PC membrane in a 100 mM MES buffer solution (pH 
= 5.5) containing 25 mM EDC and 48 mM sulfo-NHS for approximately 24 
hours at 4 °C. 
Flat multilayers composed of polyelectrolyte-PEG copolymers and a polyanion 
Multilayer flat films composed of PLL-PEG copolymers were constructed as 
follows: PLL-g-PEG and PSS solutions were prepared in 150 mM NaCl in milli-
Q water to grow PLL-g-PEG/PSS multilayers. PLL50-b-PEG and PSS solutions 
were also prepared in 150 mM NaCl in milli-Q water to grow PLL50-b-PEG/PSS 
multilayer.  
Flat multilayers composed of polyelectrolytes topped with single a layer of block 
polyelectrolyte-PEG copolymer (PLL-b-PEG) 
Multilayers of PAH/PSS were first fabricated, terminating with the last PSS 
deposition. PLL-b-PEG copolymers with different PLL segment length (PLL10-
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b-PEG or PLL50-b-PEG) were dissolved in milli-Q water containing 150 mM 
NaCl. Afterwards, a single layer of PLL-b-PEG was deposited on the surface 
by LbL assembly.  
LbL assembly on flat silicon substrate 
Single-side polished silicon wafers (Si, <100> orientation, ACM) were cleaned 
for 20 minutes in piranha solution (H2SO4 (98%) / H2O2 (32%), 1/1 v/v) before 
use. The wafers were then rinsed abundantly with milli-Q water and dried. 
The substrates were then immersed in the polycation solution for 5 minutes, 
followed by three rinsing steps to ensure the removal of loosely attached 
polyelectrolyte chains on the surface. The rinsing bath for each system was 
an aqueous solution of same ionic strength and composition as used for the 
polyelectrolytes. The three step rinsing process was composed of dipping the 
substrate for 45 seconds in the first rinsing bath, for 70 seconds in the second 
rinsing bath and for 30 seconds in the last rinsing bath. Afterwards, the 
substrate was dipped in the polyanion solution for 5 minutes, followed by 
similar rinsing steps.  
The whole process was cycled until the desired number of layer pairs was 
obtained. The number of bilayers is shown by an integer (n) in 
(polycation/polyanion)n. If an additional half cycle is carried out the (n) value 
would be shown as n+0.5 (example: 3 full cycles of polycation and polyanion 
deposition by LbL assembly is carried on, followed by 1 additional half cycle 
of polycation deposition. Therefore, the system would be presented as 
(polycation/polyanion)3.5.) 
In the end, samples were abundantly rinsed with milli-Q water to eliminate 
the salt on their surface and were then dried by nitrogen and stored at room 
temperature. 
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5.2.3 Fabrication of LbL assembled nanotubes 
All polyelectrolyte solutions were prepared at 1 mg.mL-1 concentration.  
LbL assembled nanotubes composed of polyelectrolytes only 
The PAH and PSS solutions used to grow PAH/PSS multilayers were prepared 
in milli-Q water containing 150 mM NaCl. The PAH and PAA solutions used to 
grow PAH/PAA multilayers were prepared in 100 mM acetate buffer at pH = 
5.3. The PAH and OVA solutions used to grow PAH/OVA multilayers were 
prepared in 10 mM HEPES buffer at pH = 8. 
LbL assembled nanotubes composed of polyelectrolyte-PEG copolymers and a 
polyanion 
PLL-g-PEG, PLL50-b-PEG and PSS solutions were prepared in water containing 
150 mM NaCl and were used to fabricate (PLL-g-PEG/PSS) as well as (PLL-b-
PEG/PSS) nanotubes.  
Core-shell nanotubes composed of a block PLL-b-PEG copolymer shell and a 
fluorescent polyelectrolyte inner core 
Core-shell structured nanotubes were fabricated by forming a shell of PLL-b-
PEG/PSS on their outer surface with different PLL segment lengths (thus: 
PLL10-b-PEG/PSS or PLL50-b-PEG/PSS), then filling the shell with the core 
material which consists of two layers of PAH and PSS, followed by three 
layers of PAH-FITC and PSS. This results in the formation of (PLL-b-
PEG/PSS)1(PAH/PSS)2(PAH-FITC/PSS)3. 
LbL assembly within the pores of PC membranes 
PC membranes were immersed for 30 minutes in each polyelectrolyte 
solution followed by an intermediate rinsing step of 5 minutes by immersion 
in an aqueous solution of same ionic strength and composition as used for 
the polyelectrolytes. These steps were cycled until the desired number of 
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bilayers was achieved for all systems. During the LbL process, a 
polyelectrolyte multilayer crust forms on the top and bottom surfaces of the 
PC template. This film blocks the access to nanopores, and must thus be 
removed. Therefore, after every bilayer deposition, the top and bottom 
surfaces of the PC membranes were gently scrubbed with a cell scraper to 
eliminate this adherent layer. Optional crosslinking of PAH/PAA nanotubes 
was carried out by immersing the nanotube-containing PC membrane in a 
100 mM MES buffer solution (pH = 5.5) containing 25 mM EDC and 48 mM 
sulfo-NHS for approximately 24 hours at 4 °C. In the end, all samples were 
rinsed abundantly with milli-Q water to eliminate buffer salts, and dried and 
stored at room temperature. 
5.2.4 Releasing nanotubes from the template  
To release the nanotubes from the template, the PC membrane was 
dissolved in CH2Cl2, resulting in a colloidal suspension of nanotubes and 
dissolved PC in CH2Cl2. The nanotubes were then recovered by filtration of 
this colloidal suspension over a hydrophilic PET membrane. To maximize the 
removal of remnant PC, fresh CH2Cl2 was flushed through the PET filter for 
several times. 
5.2.5 Grafting PEG chains on the surface of nanotubes 
Nanotubes with PAH on their outermost layer were capable of further 
grafting with PEG-NHS ester reagent since succinimidyl groups react with 
primary amines, forming amide groups. A PC membrane containing 
nanotubes was dissolved in solvent (either CH2Cl2 or CHCl3) containing 1 
mg.mL-1 PEG2kDa-NHS ester reagent or 1 mg.mL-1 of FITC-PEG2kDa-NHS ester 
reagent. The suspension was set aside for 24 hours at 4 °C. 
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5.2.6 Characterization methods 
Ellipsometry 
The thickness of LbL assembled multilayers on silicon wafers were measured 
by a spectroscopic ellipsometer (Uvisel, Horiba-Jobin-Yvon) at an incident 
angle of 70° in a wavelength range from 300 to 800 nm. Measurements were 
carried out with the analyzer at +45° and -45° (with respect to the plane of 
incidence) to compensate for systematic errors (imperfections and residual 
misalignment of optical components 27,28.) 
Ellipsometric data were fitted with the DeltaPsi 2 software (Horiba Scientific) 
in a wavelength range of 550-750 nm based on an optical model consisting 
of two layers:  
3. bulk silicon substrate; 
4. homogenous isotropic single layer on top of the substrate. 
Since the refractive index of silicon oxide (𝑛 = 1.46) is close to the refractive 
index of multilayers (𝑛 ~ 1.45 – 1.55) at the wavelengths of measurement, 
the native silicon oxide layer cannot be distinguished from the 
polyelectrolyte multilayer 28–30. Therefore, the multilayer thickness was 
obtained by subtraction of the thickness of the native oxide (determined to 
be around 1.5 nm from measurements on bare silicon wafer right after 
cleaning). The complex index of refraction of Si was taken from tabulated 
data provided by the manufacturer. The complex index of refraction (𝑛∗ =
𝑛 + 𝑖 𝑘) of the multilayer film was modeled by a transparent Cauchy layer 
with 𝑛(𝜆) = 𝐴 + 𝐵 𝜆2⁄ +
𝐶
𝜆4⁄  and 𝑘
(𝜆) = 0 with A, B and C as the fitting 
parameters. To ensure the validity of the data, the goodness of the fit was 
verified (minimizing the sum of squares, 𝜒2) and the refractive index was 
kept between 1.45 and 1.57 (in the wavelength range of 550 - 750 nm) for all 
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analyzed thin films. All thickness values correspond to an average of five 
different measurements taken on each sample.  
Gas-flow porometry 
The average diameter of PC membrane pores before and after nanotubes 
construction was measured by gas flow porometry at room temperature. Air-
dried samples were firmly fixed inside the sample holder with an effective 
section area of 0.396 cm2. Nitrogen gas was flown upstream with a pressure 
ranging from 4 - 10 psi. The gas flow rate (mL/min) downstream from the 
sample was measured by a flowmeter (Agilent). The inner diameter of the 
pores was calculated by using Knudsen diffusion and the viscous or Hagen-
Poiseuille flow relationship as previously described in Chapter 3. 
Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)  
Chemical characterization and imaging of flat multilayers as well as 
nanotubes were carried out by using ToF-SIMS. An Ion-TOF ToF-SIMS V 
instrument (IONTOF, GmbH, Münster, Germany) was used. To analyze flat 
multilayers, a silicon substrate with LbL assembled multilayer flat films 
deposited on its surface was mounted on the sample holder. To analyze 
nanotubes, a few drops of nanotube suspension was dropped on the silicon 
substrate and the silicon substrate was again mounted on the sample holder. 
A bismuth cluster (Bi3+ or Bi5+) liquid metal ion source was used to produce a 
primary ion beam using an acceleration voltage of 60 keV or 30 keV to obtain 
SIMS images and spectra respectively. An AC target current of 0.43 pA was 
used with a bunched pulse width of less than 1.4 ns. Both positive and 
negative secondary ions species were analyzed. For imaging, a raster of 256 
× 256 data points over an area of 100 × 100 μm2 was used. The total ion beam 
dose for each analyzed area was always kept below 1012 ions.cm-2, ensuring 
static conditions. Two different surface areas were analyzed for each sample. 
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All data analysis was carried out using the software supplied by the 
instrument manufacturer, SurfaceLab (version 6.1).  
Mass spectral data of multilayer flat films were processed and quantified by 
calculating the area below the spectral peak of each particular compound of 
interest and dividing it by the summed area of all the assigned peaks, yielding 
a so-called relative intensity, specific to this substance of interest (5.1). 
Relative intensity of x (%)
=  
area under the peak of the x component
∑ area of each assigned peak 
× 100 
(5.1) 
 
X-ray photoelectron spectroscopy (XPS) 
XPS analyses were performed on a Kratos Axis Ultra spectrometer (Kratos 
Analytical – Manchester – UK) equipped with a monochromatized aluminum 
X-ray source (powered at 10 mA and 15 kV). The samples were fixed on a 
standard stainless steel multispecimen holder by using a piece of double 
sided insulating tape. The pressure in the analysis chamber was about 10-6 
Pa. The angle between the normal to the sample surface and the direction of 
photoelectrons collection was about 0°. Analysis was performed in the hybrid 
lens mode with the slot aperture, so that the resulting analyzed area was 700 
µm x 300 µm. The pass energy was set at 160 eV for the survey scan and 40 
eV for narrow scans. In the latter conditions, the full width at half maximum 
(FWHM) of the Ag 3d5/2 peak of a standard silver sample was about 0.9 eV. 
Charge stabilization was achieved by using the Kratos Axis device. The 
following sequence of spectra was recorded: survey spectrum, C 1s, O 1s, N 
1s, Si 2p and C 1s again to check for charge stability as a function of time and 
the absence of degradation of the sample during the analyses.  
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The data treatment is performed with CasaXPS software (Casa Software Ltd., 
UK). The peaks are decomposed using a linear baseline and a component 
shape is defined by the product of a Gauss and Lorentz function, in 70:30 
ratio respectively. The C-(C,H) component of the C1s peak of carbon has been 
fixed to 284.8 eV to set the binding energy scale. In Table 5.1, binding energy 
of carbon and nitrogen elements in chemical functions is reported 
(reproduced from Genet et al. 31). 
Table 5.1. Binding energy of carbon and nitrogen in chemical functions of 
biochemical compounds.  
Element and function Position (ev) Compound of reference 
Carbon   
C-(C,H) 284.8 Hydrocarbon, adventitious contamination 
C-N, (C=O)-N-C 286.1 Amine; amide, peptidic link 
C-O 286.3 Alcohol 
(C=O)-O-C 286.8 Ester 
C=O, O-C-O 287.8 Aldehyde, (hemi)acetal 
(C=O)-N-C, O=C-O- 288.0 Amide, peptidic link; carboxylate 
(C=O)-O-C 289.0 Ester 
(C=O)-OH 289.0 Carboxylic acid 
Nitrogen   
C-NH2 399.3 Amine 
(C=O)-NH 399.8 Amide, peptidic link 
C-NH3+ 401.3 Protonated amine 
 
SEM observations 
Samples were observed with a field emission scanning electron microscope 
(JSM-7600F, JEOL Ltd.), equipped with a transmission detector. SEM 
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measurements were performed at 15 keV for the scanning mode and 30 keV 
for the scanning transmission mode. 
For SEM imaging, the CH2Cl2 or aqueous suspension of nano-objects was 
filtered through a PET filter coated with a 20 nm layer of gold. 
Fluorescence microscopy 
The suspension of fluorescent-tagged nanotubes was filtered through a PET 
filter for epi-fluorescence optical microscopy. Fluorescence images were 
obtained by an Olympus IX2 inverted epi- microscope equipped with a FITC 
filter set. 
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5.3 Results and Discussion 
5.3.1 Using polyelectrolyte-PEG copolymers as LbL assembly building 
blocks 
Graft (PLL-g-PEG) and diblock (PLL50-b-PEG) polyelectrolyte-PEG copolymers 
were used as building blocks during LbL assembly of multilayered flat films. 
The polyelectrolyte block (PLL) plays the role of polycation during the 
assembly and PEG chains are directly incorporated in the structure of the 
multilayered film. Since PSS is a strong polyacid, it is chosen as polyanion in 
order to provide negative charges and increase the probability of LbL 
assembly.  
 
Figure 5.2. Dried film thickness of multilayer assembled films after 3 (left 
columns) and 6 (right columns) bilayers deposition on silicon substrates. 
 
The growth of multilayer assembled films containing polyelectrolyte-PEG 
copolymers as polycation was studied by ellipsometry and is shown in 
Figure 5.2. The growth of such systems is compared with the growth of 
simple multilayered system composed of a model polyamino acid (PLA) and 
PSS. It is observed that the (PLA/PSS) system grows when increasing the 
number deposited bilayers. In contrast, there is almost no build-up for the 
(PLL-g-PEG/PSS) system. At the same time, the (PLL50-b-PEG/PSS) system 
grows during the very first bilayers deposition and then the growth is 
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stopped after 3 bilayers. This is probably due to the structure of the 
copolymers. When using the graft copolymer in the structure, the 
polycationic backbone interacts with the negative charged surface of the 
silicon substrate, and the grafted PEG chains accumulate at the water 
interface. Since the assembly is carried on in aqueous medium, PEG chains 
are highly hydrated and prevent PSS from reaching the PLL segments, 
thereby inhibiting their further interactions. The diblock PLL50-b-PEG 
polyelectrolyte interacts rather differently since the PEG chains are less 
densely packed. The PLL block adsorbs on the silicon substrate and the PEG 
blocks incompletely cover the surface. During the assembly of the very first 
bilayers, the PSS chains are thus, able to interact with the incompletely 
shielded PLL block and multilayers are formed. However, by increasing the 
number of bilayers the density of PEG chains available on the surface is 
increased. These PEG chains progressively cause a steric barrier and prevent 
further growth of the multilayers. Therefore, the growth is eventually 
stopped.  
Multilayer flat films consisting of polyelectrolyte-PEG copolymers were 
constructed over silicon substrates. Six bilayers were deposited to fabricate 
the typical system and to have the copolymer as top layer, an additional half 
cycle of polycation deposition was carried on as well. The flat films were 
analyzed by ToF-SIIMS in order to define the chemical composition of their 
surface. 
Chapter 5 – Functionalizing multilayer systems with PEG chains 
147 
 
 
Figure 5.3. Relative intensities of characteristic ToF-SIMS peaks for (left 
columns) (PLA/PSS)3, (middle columns) (PLL-g-PEG/PSS)6.5, (right columns) 
(PLL50-b-PEG/PSS)6.5 multilayer assembled films deposited on flat silicon 
substrate.   
 
Relative intensities of characteristic ToF-SIMS peaks for different systems are 
shown in Figure 5.3. The (PLA/PSS) system presents a noticeable signal for 
PSS and a smaller signal for peptides, which is related to PLA. It must be noted 
that SIMS signals are not directly proportional to the composition. (PLL-g-
PEG/PSS) system has almost no signal related to the building blocks and 
presents a high signal related to the substrate. These results are in 
accordance with previous ellipsometry results and prove that there is 
practically no deposition for (PLL-g-PEG/PSS) system. The (PLL50-b-PEG/PSS) 
system has high intensity peaks related to PLL and PEG as well, while the 
substrate signal is nearly zero, proving the proper deposition of multilayers 
on the surface. It should be noted that the PSS signal is rather low for this 
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system, which could be an indication of the presence of PLL50-b-PEG as 
topmost layer in comparison to the (PLA/PSS) multilayers.  
Multilayer LBL assembled nanotubes containing graft and block 
polyelectrolyte-PEG copolymers were fabricated within the pores of a PC 
membrane. The nanotubes were then released and collected by dissolving 
the membrane in CH2Cl2 and filtering the suspension over a PET filter. The 
build-up of those nanotubes was compared with the model system 
(PLA/PSS)6. 
 
Figure 5.4. SEM images of (a) (PLA/PSS)6, (b) (PLL-g-PEG/PSS)6, (PLL50-b-
PEG/PSS)6 nanotubes on a PET filter.  
 
Figure 5.4 shows SEM images of LbL assembled nanotubes. It is observed that 
(PLA/PSS)6 nanotubes are properly formed and have a length (~ 20 µm) that 
corresponds to the thickness of the PC membrane. In contrast, no nanotubes 
are observed for (PLL-g-PEG/PSS)6. Only some patches of matter are found 
here and there. (PLL50-b-PEG/PSS)6 nanotubes are formed within the pores 
of the PC membrane, however, the nanotubes are rather short (~ 10-15 µm) 
and seem to have broken into smaller pieces. In addition, they are less rigid 
compared to (PLA/PSS) nanotubes.  
Overall, one can conclude that graft PLL-g-PEG copolymer is not incorporated 
in the structure of the nanotubes or that the first deposited layer of PLL-g-
PEG is so effectively preventing adsorption that further growth of the 
Chapter 5 – Functionalizing multilayer systems with PEG chains 
149 
 
nanotubes is no more possible; this system was thus left aside and no more 
studied.  
Further investigations were carried on for block PLL-b-PEG systems with 
different polyelectrolyte segment length. To this aim, a new system 
composed of a synthetic (PAH/PSS) core was topped with 1 monolayer of 
block PLL-b-PEG copolymer. The length of the PEG segment was kept 
constant (113 repeating PEG units) while the length of the PLL segment was 
varied (10 repeating units vs. 50 repeating units). The thicknesses of these 
systems were measured by ellipsometry and are reported in Table 5.2. 
 
Table 5.2. Comparing the thickness of multilayered flat films of (PAH/PSS) 
topped with a monolayer of (PLL-b-PEG) with different PLL segment lengths.  
Core system No layer on top 
Topped with 
PLL10-b-PEG PLL50-b-PEG 
(PAH/PSS)3 14 nm 18 nm 15 nm 
(PAH/PSS)6 35 nm 42 nm 37 nm 
 
According to Table 5.2 deposition of a monolayer of block PLL-b-PEG 
copolymer on (PAH/PSS) multilayers, does not change the thickness 
drastically. This is acceptable, since there are only 113 repeating units of PEG 
that will have a length of maximum 5 nm in their very most extremely 
extended condition. 
The surface of the fabricated systems was probed by ToF-SIMS, to verify their 
chemical composition (Figure 5.5). By comparing ToF-SIMS relative 
intensities obtained for (PAH/PSS)3 system topped with PLL10-b-PEG and 
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PLL50-b-PEG, it is observed that the signals of PSS, substrate and peptides is 
nearly the same for both cases.  
 
Figure 5.5. Relative intensities of characteristic ToF-SIMS peaks for multilayer 
assembled films deposited on flat silicon substrates, (a) comparing 
(PAH/PSS)3/PLL10-b-PEG (left columns) with (PAH/PSS)3/PLL50-b-PEG (right 
columns), (b) comparing (PAH/PSS)6/PLL10-b-PEG (left columns) with 
(PAH/PSS)6/PLL50-b-PEG (right columns). 
 
Moving forward to thicker systems composed of (PAH/PSS)6, PSS and 
PLL+PAH signals are strongly increased while substrate signal is decreased. 
This can be directly related to the effect of increased number of bilayers, 
since a higher amount of PSS and PAH is present in the structure and the 
substrate signal is masked by thicker multilayers. Both systems composed of 
(PAH/PSS)6 topped with PLL-b-PEG copolymer show a high signal for PLL with 
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high error bars. PLL50-b-PEG topped system has a higher PLL signal compared 
to PLL10-b-PEG topped system; this is due to the increased length of the PLL 
block in PLL50-b-PEG. Logically, the PLL10-b-PEG system presents a higher 
signal for PEG. 
In order to obtain multilayered nanotubes with the PEG chains on their 
surface and a fluorescent component inside their structure, it was decided to 
opt for a core-shell structure during the assembly within the pores of PC 
membrane. The outer shell contains the block polyelectrolyte-PEG 
copolymer while the core contains a fluorescently tagged polyelectrolyte. 
Nanotubes with a core-shell structure composed of either a (PLL10-b-
PEG/PSS) or (PLL50-b-PEG) outer shell and a (PAH/PSS)2(PAH-FITC/PSS)3 inner 
core were fabricated by LbL assembly within the pores of PC membranes. 
The dry wall thickness of the nanotubes was measured by gas-flow 
porometry and is reported in Table 5.3. Nanotubes were released and 
collected by dissolving the PC membrane in CH2Cl2 and filtering the 
suspension through a PET filter (Figure 5.6). 
 
Table 5.3. A summary of core-shell nanotubes and their dry wall thickness 
measured by gas-flow porometry.  
Outer shell Inner core 
Dry wall thickness 
dwall (nm) 
(PLL10-b-PEG/PSS)1 
(PAH/PSS)2/(PAH-FITC/PSS)3 
45 
(PLL50-b-PEG/PSS)1 42 
 
Figure 5.6 shows both epi-fluorescent microscopy and SEM images of core-
shell nanotubes composed of PLL-b-PEG copolymers with PLL segments of 
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different length (10, 50). As observed from Figure 5.6.a and Figure 5.6.b, 
when a short PLL block (PLL10-b-PEG) is used during the assembly, the 
nanotubes are poorly formed. They do not keep their tubular shape and 
break into smaller pieces. In contrast, when a long PLL block (PLL50-b-PEG) is 
incorporated during the assembly, the nanotubes hold their tubular 
structure and their length corresponds to the template thickness 
(Figure 5.6.c, Figure 5.6.d). In both cases, the nanotubes have a proper 
fluorescent signal all along the tubes. This indicates that fluorescently tagged 
polyelectrolytes were able to diffuse through the pores of the PC membrane 
and those pores were not blocked before incorporating the fluorescent 
material. 
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Figure 5.6. left columns (a,c) epi-fluorescent microscopy images of 
nanotubes filtered over a PET filter, right columns (b,d) SEM images of 
nanotubes filtered over a metallized PET filter, (a,b) (PLL10-b-PEG/PSS)1/ 
(PAH/PSS)2/(PAH-FITC/PSS)3, (c,d) (PLL50-b-PEG/PSS)1/(PAH/PSS)2/(PAH-
FITC/PSS)3.  
 
To determine whether PEG chains are available on the surface of the 
nanotubes, their surface was analyzed by ToF-SIMS in imaging mode. Core-
shell nanotubes were released from the PC membrane after dissolving the 
membrane in CH2Cl2. Next, a single drop of obtained suspension was cast 
over a silicon substrate. Silicon substrates with nanotube deposited on top 
were probed by ToF-SIMS afterwards (Figure 5.7 and Figure 5.8, for PLL10-b-
PEG and PLL50-b-PEG, respectively.) 
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Figure 5.7. ToF-SIMS images (field of view 100 µm2) of silicon substrate with 
(PLL10-b-PEG/PSS)1/(PAH/PSS)2/(PAH-FITC/PSS)3 nanotubes deposited on 
top. The scale at the right of each image is from dark (low counts) to bright 
(high counts). Each image belongs to a specific chemical composition signal 
(noted below each image on the left) which corresponds to building 
components of nanotubes (noted below each image on the right). 
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In Figure 5.7 broken nanotubes are spotted by their strong PSS signal and 
their PAH+PLL (CH4N+) signal as well. However, there is no significant signal 
for lysine while the PEG signal is not localized on the nanotubes and is found 
over the surface. This means that strong (CH4N+) signal only belongs to PAH, 
and PLL10-b-PEG is not incorporated in the nanotubes structure. Combined 
image of negative ion peaks of PC (C8H5O−, C9H9O−,C14H11O2−) and positive ion 
peak of PC (C8H11O+) show the presence of PC on the surface. This is due to 
the sample preparation since a drop of nanotubes and dissolved PC 
suspension in CH2Cl2 was dropped over the silicon substrate. 
In Figure 5.8 well-formed and unbroken nanotubes are spotted either by 
negative signals on the substrate or their strong PSS signals. Some signals 
belonging to PAH+PLL (CH4N+) are also available. A weak signal for lysine is 
found over the nanotubes. In addition, although (C2H5O+ and C2H3O+) signals 
for PEG are rather noisy and spread over the whole image, the C2OH- signal 
is stronger over the nanotubes, indicating that PEG blocks are indeed present 
on the nanotubes surface, albeit to a limited extent. 
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Figure 5.8. ToF-SIMS images (field of view 100 µm2) of silicon substrate with 
(PLL50-b-PEG/PSS)1/(PAH/PSS)2/(PAH-FITC/PSS)3 nanotubes deposited on 
top. The scale at the right of each image is from dark (low counts) to bright 
(high counts). Each image belongs to a specific chemical composition signal 
(noted below each image on the left) which corresponds to building 
components of nanotubes (noted below each image on the right). 
Chapter 5 – Functionalizing multilayer systems with PEG chains 
157 
 
Considering ToF-SIMS images of nanotubes, one can deduce that there is no 
PLL-b-PEG shell as the outer layer of nanotubes when the PLL sequence is 
short, while some PEG is present for the longer PEG block. Previous ToF-SIMS 
analysis showed that PLL-b-PEG interacts with negative charged surface of 
silicon wafer (Figure 5.5); in addition, there is a noteworthy morphologies 
difference between nanotubes fabricated after deposition of PLL10-b-PEG 
and PLL50-b-PEG layer within the pores for PC membrane (Figure 5.6).  
A hypothesis is proposed based on the effect of PLL segment size over the 
configuration of the PEG brush. It has been previously shown that by 
assembling PLL-b-PEG copolymers on spherical nanoparticles, a dense brush 
of PEG is obtained for short PLL blocks, whereas PEG chains adopt a 
“mushroom” conformation for larger PLL blocks 32. Taking this information 
into account, one can assume that the PLL segment of the block copolymer 
interacts with the PC membrane and that the PEG segments adopt a different 
configuration depending on the size of the PLL segment. For both PLL10-b-PEG 
and PLL50-b-PEG, PEG chains are extended towards the center of the pore. 
These chains do not inhibit the diffusion of other polyelectrolytes inside the 
pores; however, they affect the interaction of diffused PSS with PLL. Those 
chains block the access to the PLL segment and therefore, there is no 
interaction between the newly arrived PSS polyelectrolytes and PLL, and 
thus, a little presence of PLL-b-PEG in the structure of nanotubes. For PLL10-
b-PEG nanotubes, since a dense brush of PEG chains is formed inside the 
pores, the newly diffused core polyelectrolytes accumulate inside the pores 
and interact with each other. This results in formation of broken and 
deformed pieces of fluorescent nanotubes (Figure 5.6.a, Figure 5.6.b). Upon 
dissolution of the membrane, the PLL10-b-PEG brush layer is dissolved and 
spreads over the whole substrate, providing a homogenous SIMS signal for 
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the whole image (Figure 5.7). A schematic representation of this hypothesis 
in demonstrated in Figure 5.9.a. 
 
Figure 5.9. . A schematic representation of polyelectrolytes interactions 
within the pores of a PC membrane (only one side of a pore is illustrated), (a) 
after deposition of a PLL10-b-PEG monolayer inside the pores, (b) after 
deposition of a PLL50-b-PEG monolayer inside the pores. 
  
In case of PLL50-b-PEG, it could be assumed that here again PLL block interacts 
with PC, while PEG chains adopt a “mushroom” conformation, which is less 
extended towards the center of the PC membrane. Therefore, newly diffused 
polyelectrolytes can diffuse all through the pores and have a higher chance 
of forming tubular shaped structures and to complex with the less shielded 
PLL block (Figure 5.9.b). As observed in Figure 5.6.c and Figure 5.6.d, 
fluorescent nanotubes were thus successfully formed within the pores of the 
PC membrane and held their tubular structure after being released from PC 
membrane. In addition, some PLL50-b-PEG chains are incorporated in the 
structure of tubes as was detected by ToF-SIMS (Figure 5.8). 
These nanotubes show that the LbL process strongly depends on the history 
of the deposition procedure, and this therefore, kinetically controlled. If the 
copolymer layer is adsorbed first, it will organize so to oppose the formation 
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of next layers as seen for nanotubes. In contrast, when the copolymer is 
deposited at the ends of the process, it will make a nice brush layer, as ween 
for flat multilayers. 
Since our previous strategy to fabricate core-shell nanotubes by 
incorporating PEG-polyelectrolyte copolymers as building block was not 
successful, it was decided to aim for direct grafting PEG chains on nanotube 
surface after their fabrication.  
5.3.2 Grafting PEG chain by covalent bonding 
N-hydroxylsuccinimide (NHS) functionalized polyethylene glycol (PEG-NHS) is 
an amino reactive PEG derivative that can be used to functionalize any 
surface with primary amine groups. The reaction between PEG-NHS and 
primary amines is shown in Figure 5.10. 
 
Figure 5.10. The reaction scheme of PEG-NHS with a primary amine, which 
results in the formation of amide bonds and the conjugation of PEG chain to 
the amine.  
 
NHS-PEG is soluble in aqueous solutions as well as organic solvents such as 
chloroform (CHCl3) or dichloromethane (CH2Cl2). Therefore, it has a high 
potential to be used for grafting PEG chains on the amine-bearing surface of 
multilayer LbL assembled films.  
Polyelectrolytes such as PAH and PLL both contain primary amines in their 
structure, and thus an attempt was made to build multilayer LbL assembled 
flat films with PAH (or PLL) polyelectrolytes as the uppermost layer, and to 
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graft PEG chains on their surface by reacting PEG2kDa-NHS with their primary 
amine groups in organic solvents (CHCl3 or CH2Cl2). 
Since the length of the PEG segment in (PEG2kDa-NHS) is not very long, no 
significant changes in the thickness of PEG grafted surfaces is observed by 
ellipsometry measurements. Therefore, XPS was used to characterize the 
surface of PEG grafted multilayer flat films to determine whether the grafting 
reaction has taken place.  
Four samples of (PAH/PSS)6.5 multilayer flat films were fabricated over silicon 
substrates. One of them was kept aside, the second sample was only 
immersed in CH2Cl2 for 24 hours at 4 °C, while the third and the fourth 
samples were reacted with PEG2kDa-NHS in CHCl3 and CH2Cl2, respectively 
(Figure 5.11).  
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Figure 5.11. C 1s, N 1s and Si 2p peaks, recorded by XPS for different systems, 
(1st row) (PAH/PSS)6.5, (2nd row) (PAH/PSS)6.5 only immersed in CH2Cl2, (3rd 
row) PEG grafted (PAH/PSS)6.5 in CHCl3, (4th row) PEG grafted (PAH/PSS)6.5 in 
CH2Cl2. 
 
Figure 5.11 shows sections of XPS spectra that belong to the main elements 
of multilayer flat films structures (C 1s, and N 1s); the peaks for the silicon 
substrate (Si 2p) are presented as well. For C 1s there is no large difference 
among non-grafted and grafted systems. However, a change is observed in N 
1s peaks between different systems. The blue peak (with a binding energy of 
401.8 eV) belongs to protonated amines (NH3+, from PAH), and the red peak 
on the right (with a binding energy of 399.8 eV) belongs to unprotonated 
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nitrogen from amine or amide bonds (NH2 or HNCO). Unprotonated amine 
bonds may exist within the structure of multilayers (PAH) and amide bonds 
are formed due to the PEG grafting reaction. Non-grafted (PAH/PSS)6.5 
multilayers have a low amount of NH2 and HNCO groups. However, the 
amount of these groups increases when the sample is immersed in CH2Cl2. 
The amount of unprotonated nitrogen is also increased after grafting PEG 
chains on the surface. One can observe that there is a higher amount of 
unprotonated nitrogen when the grafting is carried out in CH2Cl2.  
When (PAH/PSS)6.5 multilayers come in contact with CH2Cl2, the protonation 
degree of PAH is slightly modified. Such a change in polyelectrolytes 
ionization degree upon immersion in an aqueous solution has been 
previously observed by other groups, resulting in partial reconfiguration of 
the films 33. Here, the change of protonation is due to the immersion in the 
organic solvent, presumably affecting the proton equilibrium. Because of the 
resulting change in charge balance within the film, interactions between PAH 
and PSS layers may also change and thus, the multilayers undergo a re-
configuration. This perturbation in turn affects the silicon signal perceived in 
XPS. As observed, the Si 2p signal is decreased when multilayers are 
immersed in CH2Cl2. The amount of unprotonated nitrogen for the samples 
that were grafted with PEG in CHCl3 is almost close to that of non-grafted 
samples that were only immersed in CH2Cl2. The silicon signal is also similar 
and thus, it is not clear if the grafting has been successful. However, the 
significant increase in the signal of unprotonated nitrogen for PEG grafted 
multilayers in CH2Cl2 compared to multilayers simply immersed in CH2Cl2, 
shows that grafting has been successful and amide bonds are formed upon 
grafting. The presence of grafted matter on the surface is also confirmed 
since the Si 2p signal is even more decreased for this system. This shows that 
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indeed some matter is deposited on the surface, which results in increasing 
the thickness of the layer and masking of the surface signal. 
 
Figure 5.12. C 1s, N 1s and Si 2p peaks, recorded by XPS for different systems, 
(1st row) (PAH/PAA)6.5, (2nd row) PEG grafted (PAH/PAA)6.5, (3rd row) 
crosslinked (PAH/PAA)6.5, (4th row) crosslinked and PEG grafted (PAH/PAA)6.5. 
 
To study the grafting of multilayers composed of PAH and PAA, flat 
multilayers of (PAH/PAA) were deposited over silicon substrate. (PAH/PAA) 
is an interesting system since it can be crosslinked all through the multilayer 
structure (reacting COOH groups of PAA with NH2 groups of PAH). In addition, 
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by terminating the assembly with PAH, primary amines are available on the 
film surface for further grafting with PEG-NHS.  
Figure 5.12 shows XPS recorded C 1s, N 1s and Si 2p peaks for different 
systems all based on (PAH/PAA). Here again, no significant difference is 
observed for C 1s peaks. However, there is an increase in unprotonated 
nitrogen signal for crosslinked samples. This is due to formation of amide 
bonds as a result of the crosslinking process. However, no significant changes 
are observed for the N 1s signal prior and after PEG grafting for crosslinked 
and non-crosslinked systems. 
Nevertheless, there is a drastic decrease in the substrate Si 2p signal after 
grafting PEG over crosslinked and non-crosslinked systems. This can either 
be attributed to the presence of PEG chains on the surface or can be simply 
due to changes in multilayers configuration upon immersion in solvent. This 
possible reconfiguration upon immersion in CH2Cl2 prevents us from deciding 
whether grafting occurred over the non-crosslinked multilayers. However, 
such a reconfiguration is very unlikely for the crosslinked system, which thus 
suggests that the decrease of the Si signal would be due to PEG grafting. 
To study the effect of PEG grafting on biological (PLA/OVA) system, flat 
multilayers of (PLA/OVA) topped with primary amine-bearing PLL were 
prepared and reacted with PEG-NHS in CHCl3 and CH2Cl2. However, no 
significant difference in the elemental peaks was observed (results are not 
shown). (PLA/OVA)6/PLL systems had a high amount of unprotonated 
nitrogen (NH2 or HNCO) which is mainly due to the high amount of amide 
bonds in OVA. In addition, there was no change in silicon substrate (Si 2p) 
signal as well. Therefore, it cannot be concluded if the grafting reaction has 
taken place. It must be noted that the only primary amine-carrying material 
in this system is the PLL layer that is deposited as a single layer on top of 
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(PLA/OVA) multilayers. PLL is known for being a very mobile polyelectrolyte 
which may diffuse through the layers of the system 34,35. Thus, there is no 
assurance of the presence of PLL chains on top of the multilayer flat films and 
thus, there is a chance that the grafting did not take place for this system. 
Among all studied systems, (PAH/PSS) multilayers showed promising results 
for grafting PEG chains by reacting PEG-NHS with the primary amines 
available on PAH in CH2Cl2. To investigate the grafting of PEG chains on the 
surface of tubes, fluorescently-tagged PEG-NHS reagent (FITC-PEG-NHS) was 
used to react with (PAH/PSS), crosslinked and non-crosslinked (PAH/PAA) as 
well as (PAH/OVA) nanotubes.  
To this aim, nanotubes were fabricated inside the pores of the PC membrane 
and then were released from the template by dissolving PC in CH2Cl2. Since it 
was previously shown that the PEG grafting process can successfully be 
carried on in CH2Cl2, FITC-PEG2kDa-NHS reagent was added to the CH2Cl2 
suspension of released nanotubes and dissolved PC. Nanotubes were then 
collected by simply filtering the suspension over a PET filter and were then 
imaged by epi-fluorescence microscopy (Figure 5.13).  
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Figure 5.13. Epi-fluorescence images of PEG2kDa-FITC grafted on nanotubes 
of (a) (PAH/PSS), (b) (non-crosslinked (PAH/PAA), (c) crosslinked (PAH/PAA), 
(d) (PAH/OVA).(The acquisition conditions of fluorescence images are 
different and thus, the intensity of the image could not be compared.) 
 
Figure 5.13 shows that a fluorescence signal is observed all along the 
nanotubes surface for all studied systems. Since the FITC group is directly 
attached at the end of the PEG chains, one can conclude that nanotubes were 
grafted with fluorescently-tagged PEG. However, further investigations are 
needed in order to firmly determine if the grafting has occurred on the 
surface of the tubes or if the fluorescently-tagged PEG has just entered inside 
the hollow structure of nanotubes, or was adsorbed within the multilayer 
wall. 
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5.4 Conclusion 
In this chapter, different methods for introducing PEG chains on the surface 
of LbL assembled multilayer flat films as well as LbL assembled membrane 
templated nanotubes were investigated. 
Using polyelectrolyte-PEG copolymers seems to be an easy and rapid method 
to incorporate PEG chains directly into the structure of multilayers during 
their buildup. However, it is observed that due to the configuration of PEG 
chains in such copolymers, this is not a highly effective method to construct 
core-shell nanotubes, with a polyelectrolyte core and a polyelectrolyte-PEG 
copolymer shell.  
On the other hand, PEG chains can be grafted on the surface of the tubes 
after the release of nanotubes from the membrane by using PEG-NHS 
reagent which reacts with primary amines available on the surface of 
nanotubes. XPS data showed that some systems (PAH/PSS) were successfully 
grafted with PEG while the results were less conclusive for other systems. 
Epi-fluorescence microscopy images showed that the presence of 
fluorescence signal along the nanotubes, which can be a sign of successful 
grafting of fluorescently-tagged PEG chains.  
The success of such grafting provides us with many opportunities for further 
application of PEG grafted multilayer flat films as well as PEG grafted 
nanotubes. PEG chains should provide antifouling properties to the grafted 
system and increases their potential as candidates for drug delivery 
applications. 
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6 Cellular uptake of multilayer LbL assembled 
nanotubes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this study, we report on the stability of template synthesized LbL 
assembled nanotubes of different chemistries and surface functionalities 
dispersed in different aqueous medium for different periods. Next, 
interactions between dendritic cells and nanotubes of different chemistry, 
size and surface functionality were monitored. Nanotubes were 
phagocytosed by dendritic cells depending on their chemistry, size and 
surface function. It was observed that more rigid and shorter nanotubes had 
a higher chance of being internalized by the cells.  
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6.1 Introduction 
New technical developments in nano engineering have provided tools to 
fabricate nano-sized particles such as nanospheres, nanowires, nanodisks 
and nanotubes. These materials are promising for drug delivery applications 
due to their size and unique characteristics 1–4. Among all, nanospheres are 
easier to fabricate and their application has been more studied compared to 
other more complex structures. However, nanotubes present several 
advantages as nanocarriers for drug delivery. Briefly, nanotubes have a larger 
inner volume compared to nanospheres of equal diameter and have interior 
and exterior surfaces that can be independently functionalized. They also 
have open ends which help with the loading and delivery process and have 
longer circulation time in vivo and a higher cell internalization  
rate 5–7.  
Upon different methods to incorporate desired materials in the structure of 
nanoparticles, LbL assembly is very promising since it is a cheap and 
extremely versatile method and a broad range of materials such as polymers, 
lipids, DNAs, proteins and organic or inorganic small molecules can be 
assembled on different substrates 8. By combining LbL assembly with 
template synthesis, tubular nano-objects with a high control over their 
dimension and composition can be obtained with a high yield 9.  
On the route of fabricating new drug delivery systems, studying the 
interactions between drug carriers and cells is essential. Numerous 
researches have been dedicated to the uptake of nanoparticles by cells. The 
pathways and routes that different cell types take while uptaking and 
phagocytosis of spherical nanoparticles have already been reported 10–15. 
Very few studies have been carried out about interactions between cells and 
template synthesized tubular nanoparticles with aspect ratios ranging 
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between 1 and 4 16,17. Rubner et al. fabricated microtubes of 450 nm outer 
diameter and 3 µm length comprised of cytophilic and cytophobic surfaces 
and studied their interaction with immune B-cells 18. Martin et al also 
constructed nano test tubes with an aspect ratio of 10 and demonstrated 
their notable potential for intracellular drug delivery against breast-cancer 
cells 19,20. Nanotubes of high aspect ratio containing fibrillar proteins 
(collagen) have been immobilized on ITO surface and were put in contact 
with preosteoblast cells by our group. Results showed that nanotubes did 
not have any cytotoxic effect and the cell but affected cells morphology as 
well as the length and the thickness of filopodias 21,22. 
Among all studied cell types, dendritic cells (DC) are raising a particular 
interest, as they are known to be the most potent antigen presenting cells 
(APC) to initiate an adaptive immune response 23,24. Due to their nature, they 
have a high phagocytic capacity. In-depth research has been conducted 
about interactions of LbL assembled hollow capsules containing model 
antigens with dendritic cells 25–28. Those studies demonstrated that antigen 
uptake and delivery are well enhanced and that the intracellular release is 
well modulated when the antigen is associated with particles having the 
desired functionalities 29–33. 
Interactions between template-synthesized nanotubes and cells have not 
been studied profoundly due complicated process of releasing those 
nanotubes from their template and transferring them in a high yield to an 
aqueous medium suitable for biological applications. This complication is 
now successfully tackled thanks to our universal method for collection and 
transferring nanotubes to aqueous medium 34. Thus, we can move forward 
with the study of nanotubes interactions with specific cells. 
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This study provides an insight about the stability of LbL assembled multilayer 
nanotubes composed of different polyelectrolytes ranging from synthetic to 
biological protein-based building blocks in different media. Effort will be 
made to choose the best conditions in order to obtain nanotubes that are 
stable in cell culture medium for 24 hours. 
Afterwards, cellular uptake of these nanotubes by dendritic cells is 
monitored. It is observed that nanotubes are successfully phagocytosed by 
dendritic cells. The effect of different parameters such as chemistry, 
dimension and surface functionalization of nanotubes on their phagocytosis 
is closely studied as well. Results proved that these nanotubes could indeed 
be attractive for the delivery of drugs with an intracellular target (such as 
different proteins or nucleic acids). 
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6.2 Materials and Methods 
6.2.1 Materials 
Dichloromethane (CH2Cl2), sodium chloride (NaCl), 2-(N-morpholino) ethane 
sulfonic acid (MES) monohydrate, 4-(2- hydroxyethyl)piperazine-1- ethane 
sulfonic acid (HEPES), paraformaldehyde, dextran (from Leuconostoc spp., 
Mw: 40 kDa), N-hydroxy sulfosuccinimide sodium salt (sulfo-NHS),N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 
polyallylamine hydrochloride (PAH, Mw: 58 kDa), poly(sodium 4-
styrenesulfonate) (PSS, Mw: 70 kDa), polyacrylic acid (PAA, Mw: 100 kDa), 
poly-L-arginine (PLA, Mw > 70 kDa), ovalbumin (OVA, Mw: 45 kDa) and 
poly(allylamine hydrochloride) fluorescein isothiocyanate (PAH-FITC, Mw: 15 
kDa maximum excitation at 495 nm and an maximum emission at 521 nm) 
with a monomer to dye ratio (PAH:FITC) of (50:1) were purchased from 
Sigma-Aldrich. Fluorescent ovalbumin (OVA Alexa Fluor Fluor 488) was 
purchased from Life Technologies. The Alexa Fluor Fluor 488 fluorophore has 
a maximum excitation peak at 495 nm and a maximum emission peak at 519 
nm. Succinimidyl PEG-NHS (2 kDa) was purchased from NANOCS.  
Mouse dendritic cells (DC2.4), Dulbecco's phosphate-buffered saline (DPBS), 
Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS), 
penicillin-streptomycin (10,000 unit.mL-1), Alexa Fluor 647 and Hoechst 
staining solutions were purchased from Thermo Fisher Scientific.  
Milli-Q water with 18.2 MΩ.cm resistivity was used in all experiments. All 
products were used as received. 
Sheets of track-etched polycarbonate membranes were provided by It4ip 
(Louvain-la-Neuve, Belgium, http://www.it4ip.be) with pore diameters of 
namely 500 nm. The pore diameter of the PC membrane is not exactly as 
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given by the supplier and a 5-10 % variation is observed among the pores. All 
membranes had a thickness of 21 μm and a pore density of 108 pores.cm-2. 
Hydrophilic poly(ethylene terephthalate) (PET) membranes with a pore size 
of 200 nm, thickness of 23 μm and pore density of about 5.108 pores.cm-2 
were also provided by It4ip. 
6.2.2 Fabrication of LbL assembled nanotubes 
All polyelectrolyte solutions were prepared at 1 mg.mL-1 concentration 
except for OVA Alexa Fluor 488 and PAH-FITC polyelectrolytes that were 
prepared at 0.1 mg.mL-1 and 0.5 mg.mL-1 concentration respectively. 
PAH/PSS pairs were prepared in water containing 150 mM NaCl at neutral 
pH. PAH/PAA pairs were prepared in 150 mM MES at pH = 5.5. PAH/OVA pair 
was fabricated in 10 mM HEPES buffer at pH = 8 and PLA/OVA pair were 
prepared in milli-Q water containing 150 mM NaCl at neutral pH. At the end 
of the LbL deposition process, all samples were rinsed abundantly with milli-
Q water to eliminate buffer salts, and dried and stored at room temperature. 
Optional crosslinking of PAH/PAA and PAH/OVA nanotubes was carried out 
by immersing the nanotube-containing PC membrane in a 100 mM MES 
buffer solution (pH = 5.5) containing 25 mM EDC and 48 mM sulfo-NHS for 
approximately 24 hours at 4 °C. Afterwards, samples were rinsed abundantly 
with milli-Q water to eliminate buffer salts, and dried and stored at room 
temperature. 
LbL assembly of nanotubes by filtration 
A 25 mm diameter piece of nanoporous PC membrane was placed into a 
stainless steel syringe holder filtration gasket and 3 mL polycation solution 
was filtered through the membrane with 1 mL.min-1 rate by pressure 
filtration. Excess polyelectrolyte was washed away by filtering the rinsing 
solution of same ionic strength and composition as used for the 
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polyelectrolytes was filtered through the membrane with 1 mL.min-1 rate. 
The PC membrane was taken out and the surface of the membrane was 
rinsed with the rinsing solution and was gently scrubbed with a cell scraper 
to eliminate any surface adherent layer. Afterwards, 3 mL polyanion solution 
was filtered through the membrane with 1 mL.min-1 rate followed by the 
same rinsing process. This process was repeated until the desired number of 
layer pairs (= 3) was achieved. Finally, the PC membrane containing 
nanotubes was rinsed abundantly with milli-Q water.  
Conditioning nanotubes in DPBS 
PC membrane containing LbL assembled nanotubes was immersed in DPBS 
and stirred for 24 hours. Samples were next removed from the buffer, dried 
and stored at room temperature. 
LbL assembly in DPBS buffer (pH = 7.1) 
Polyelectrolyte concentration was kept the same. PLA coagulates in DPBS 
and can only be dissolved in milli-Q water while OVA and PAA are fully soluble 
in DPBS. In order to have a proper dissolution of PAH in DPBS, an additional 
100 mM of NaCl must be added to the solution. The assembly process was 
carried out as explained previously. 
Grafting PEG chains on the surface of nanotubes 
Nanotubes with PAH on their outermost layer were capable of further 
grafting with PEG-NHS ester reagent since succinimidyl group reacts with 
primary amine, forming amide groups. PC membrane containing nanotubes 
was dissolved in dichloromethane containing 1 mg.mL-1 PEG-NHS ester 
reagent. The suspension was set aside for 24 hours at 4 °C. 
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6.2.3 Releasing nanotubes from the template  
To release the nanotubes from the template, the PC membrane was 
dissolved in CH2Cl2, resulting in a colloidal suspension of nanotubes and 
dissolved PC in CH2Cl2. The nanotubes were then recovered by filtration of 
this colloidal suspension over a hydrophilic PET membrane. To maximize the 
removal of remnant PC, fresh CH2Cl2, was flushed through the PET filter for 
several times. 
6.2.4 Checking the stability of nanotubes in aqueous medium 
The stability of nanotubes in aqueous medium was checked by dissolving the 
PC template in CH2Cl2 and filtering the resulting suspension over a PET filter. 
The filter was then immersed in an aqueous medium for 24 hours. Nanotubes 
deposited on the filter surface were then imaged by epi-fluorescence 
microscopy prior and after immersion in aqueous medium. 
6.2.5 Collection and redispersion in aqueous solution 
Dextran powder was used as water-soluble and CH2Cl2 -insoluble adjuvant in 
the nanotube collection process. 20-25 mg of adjuvant was first dispersed in 
pure CH2Cl2 and filtered over a PET filter, leading to formation of a thin 
porous pellet over the PET filter inside the filtration gasket. This layer aims 
to mask interactions between the nano-objects and the filter surface. Next, 
another 20 - 25 mg of adjuvant was added to and dispersed in the colloidal 
suspension of nanotubes in CH2Cl2. The colloidal suspension was filtered 
through the previously prepared PET filter, thereby building a porous pellet 
with trapped nanotubes, lying over the pure adjuvant bottom layer. We 
found that it is crucial to have nanotubes trapped in the whole volume of the 
pellet. If this step is not followed properly, nanotubes will stack over the 
surface of the porous adjuvant pellet, resulting in the formation of clusters 
of nanotubes upon dispersing the pellet in the aqueous solution. To ensure 
Chapter 6 – Cellular uptake of multilayer LbL assembled nanotubes 
181 
 
the total removal of PC traces, CH2Cl2 was flushed gently several times 
through the whole system. The adjuvant pellet was then removed from the 
filtration gasket and immersed in 2 mL milli-Q water. The aqueous 
suspension containing the nanotubes and the dissolved adjuvant were then 
stirred for 15 minutes before being stored at 4 °C. 
6.2.6 Checking the stability of free floating nanotubes in DPBS 
Nanotubes were collected by dextran adjuvant assisted collection method 
and were dispersed in DPBS obtaining a solution with a concentration of 
5.107 nanotubes.mL-1. This solution was mildly stirred for 24 hours and then 
was filtered through a PET filter for further imaging by epi-fluorescence 
microscopy. 
6.2.7 Cell culture   
The DC2.4 cells were cultured in DMEM (Dulbecco's Modified Eagle Medium) 
supplemented with 10% FBS (fetal bovine serum) and antibiotics (100 units 
per mL penicillin and 100 g.mL-1 streptomycin). Cells were grown at 37 °C in 
humidified air containing 5 % CO2. 
Cells were seeded at a density of 15000 cells per well (volume of solution per 
well = 1mL) on WillCo dish for 24 hours and then incubated overnight with 1 
mL of nanotubes suspension (5.107 nanotubes.mL-1 in DPBS). After removing 
the culture medium, cells were fixed with 4 % PFA (paraformaldehyde) for 35 
min at 37 °C. For further imaging purposes, the cell membranes was stained 
with Alexa Fluor 647-conjugated cholera toxin subunit B (red) and the nuclei 
was counter-stained with Hoechst (blue). 
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6.2.8 Characterization methods 
Epi-fluorescence microscopy 
The suspension of fluorescent-tagged nanotubes was filtered through a PET 
filter for epi-fluorescence optical microscopy. Fluorescence images were 
obtained by an Olympus IX2 inverted microscope equipped with a FITC filter 
set. 
Confocal microscopy 
Confocal microscopy was carried out on a Leica DMI6000 B inverted 
microscope equipped with an oil immersion objective (Zeiss, magnification: 
63×, numerical aperture: 1.40) and attached to an Andor DSD2 confocal 
scanner. Images were processed with Image J and Imaris softwares. 
Gas-flow porometry 
The average diameter of PC membrane pores before and after nanotubes 
construction was measured by gas flow porometry at room temperature. Air-
dried samples were firmly fixed inside the sample holder with an effective 
section area of 0.396 cm2. Nitrogen gas was flown upstream with a pressure 
ranging from 4 - 10 psi. The gas flow rate (mL.min-1) downstream from the 
sample was measured by a flowmeter (Agilent). The inner diameter of the 
pores was calculated by using Knudsen diffusion and the viscous or Hagen-
Poiseuille flow relationship as previously described is Chapter 3. 
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6.3 Results and Discussion 
6.3.1. Build-up of multilayer polyelectrolyte multilayers 
Multilayer polyelectrolyte nanotubes were fabricated within the pores of 
track-etched PC membrane by LbL assembly. Several polyelectrolyte 
combinations were chosen to fabricate nanotubes of different chemistries 
ranging from synthetic nanotubes to biological protein-based nanotubes.  
 
Table 5.4. Composition and build-up conditions of the various studied LbL 
assembled nanotubes. (The pH of buffered solutions is measured by a pH 
meter (with ± 0.1 error) while the pH of NaCl-containing solutions are 
assumed to be neutral.) 
LbL 
assembled 
systems 
Polycation Polyanion 
Build-up conditions 
Construction 
pH 
Construction 
medium 
Amount 
of buffer 
or salt 
Synthetic 
PAH PSS Neutral pH 
Milli-Q 
water + NaCl 
150 mM 
NaCl 
PAH PAA 
5.5 ± 0.1 
[measured] 
MES Buffer 
150 mM 
MES 
Protein-
based 
PAH OVA 
8 ± 0.1 
[measured] 
HEPES 
Buffer 
10 mM 
HEPES 
PLA OVA Neutral pH 
Milli-Q 
water + NaCl 
150 mM 
NaCl 
 
Table 5.4 is a summary of the studied LbL nanotubes and their fabrication 
conditions. The choice of build-up conditions (such as buffer, ionic strength, 
etc.) is explained in detail in chapter 3.  
LbL assembly within the pores of the PC membrane was carried out by 
filtering the polyelectrolyte solutions through the pores (LbL assembly by 
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filtration). This method was preferred over LbL assembly by immersion since 
a high number of nanotubes with a similar wall thickness can be assembled 
in a shorter amount of time and by depositing fewer layers. PC membrane of 
high pore density (108 pores.cm-1) was chosen as a template, in order to have 
a high amount of nanotubes per PC membrane volume. It must be noted that 
by increasing the pore density to much higher values (such as 109  
pores.cm-1) the risk of having interconnected pores increases, which may 
cause nanotubes aggregation upon release from the PC template. Since a 
large number of nanotubes were required for cellular uptake tests (~ 107 
particle.mL-1), 1 cm2 of PC membrane containing LbL assembled nanotubes 
was cut out and used for further experiments. The adjuvant-assisted 
collection method (using dextran powder as adjuvant) was used to transfer 
nanotubes from the PC template to desired aqueous medium. This method 
is explained in detail in chapter 4. If the collection is 100 % successful, an 
aqueous solution containing 5.107 nanotubes.mL-1 would be obtained.  
6.3.1 Stability of free LbL assembled nanotubes in water 
Multilayer LbL assembled nanotubes were all made of hydrophilic 
polyelectrolytes to ensure their stability in aqueous medium. However, prior 
to the study of cell-nanotube interactions, it is crucial to monitor the long-
term integrity of these LbL nanotubes when dispersed in aqueous solutions. 
As previously reported (see chapter 4.3.1.) (PLA/OVA Alexa Fluor 488)6 
nanotubes deposited on a PET filter surface by filtration were stable after 
mild stirring for 5 days in milli-Q water (Figure 5.14.a and Figure 5.14.b). 
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Figure 5.14. Epi-fluorescence microscopy images of (PLA/OVA Alexa Fluor 
Fluor 488)6 nanotubes, (a) after filtration over a PET filter and prior to 
immersion in aqueous solution, (b) after immersion in aqueous solution for 
5 days, (c, d, e, f) after immersion for 30 minutes in milli-Q water containing 
(c) no salt, (d) 100mM NaCl, (e) 200 mM NaCl and (f) 500 mM NaCl. (The 
acquisition conditions of fluorescence images are different and thus, the 
intensity of the images could not be compared.) 
 
In addition, those nanotubes filtered over PET filter remained stable after 
being immersed and mildly stirred for 30 minutes in pure water as well as in 
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aqueous solution of higher ionic strength (up to 500 mM NaCl) (Figure 5.14.c-
f). It must be noted that those stability studies were conducted on nanotubes 
deposited on a supporting PET filter surface and not on free nanotubes 
suspended in aqueous solution. In the present work, the stability of free-
floating nanotubes of different chemistries after a long duration (10 days) of 
mild stirring in milli-Q water at neutral pH with no additional buffer or salt 
was verified. LbL assembled nanotubes were collected by dextran-adjuvant 
assisted method and were dispersed in milli-Q water. Figure 5.15 shows epi-
fluorescence microscopy images of dispersed nanotubes after 10 days in 
milli-Q water. 
 
Figure 5.15. Epi-fluorescence microscopy images of (a) (PAH-FITC/PSS)3, (b) 
(PAH-FITC/PAA)3, (c) (PAH/ OVA Alexa Fluor 488)3, (d) (PLA/OVA Alexa Fluor 
488)3 nanotubes dispersed in milli-Q water for 10 days. (The acquisition 
conditions of fluorescence images are different and thus, the intensity of the 
images could not be compared.) 
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To evaluate nanotubes behavior after dispersion in aqueous solution, it was 
decided to classify different levels of stability after nanotubes dispersion in 
aqueous solution. Nanotubes are classified to 4 categories, based on their 
appearance after being dispersed in aqueous solution (Table 5.5). 
 
Table 5.5. Classification of nanotubes into different categories based on the 
appearance after dispersion in aqueous solution. 
Assigned Categories Nanotubes appearance 
1 Nanotubes are intact 
2 Nanotubes are swollen 
3 Nanotubes are swollen and/or broken into pieces 
4 Nanotubes are fully disrupted 
 
As can be seen in Figure 5.15.a. almost all of the nanotubes were fully 
disrupted. Although some remnants of nanotubes can be seen for (PAH-
FITC/PSS)3 and (PAH-FITC/PAA)3 nanotubes, all of studied systems are 
considered as category 4, fully disrupted.  
It should be noted that these observations are limited in some aspects. For 
instance, nanotubes dispersed in aqueous medium are constantly stirred at 
a slow rate. Indeed, constant stirring is essential, as nanotubes tend to stick 
on the bottom and walls of the recipient if left unstirred. High rates of stirring 
were avoided to protect nanotubes from high mechanical stress. 
Nevertheless, the stirring may damage the nanotubes. Another experimental 
limit is due to the observation method. Dispersed nanotubes in aqueous 
medium are filtered over a virgin PET filter in order to maximize the number 
of nanotubes available for fluorescence imaging. Attempts to image drops of 
aqueous medium containing dispersed nanotubes were made but the quality 
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of these images were lower than images obtained from nanotubes filtered 
over a PET filter. By filtering highly hydrated, soft nanotubes dispersed in 
aqueous medium, an external force is exerted over their structure, which 
might lead to their deformation. 
Finally yet importantly, epi-fluorescence images were recorded on dried 
samples, meaning that nanotubes had lost their water-content prior to 
observation. As water molecules are eliminated, changes might occur in the 
structure of the nanotubes. One must therefore keep in mind that the 
stability comparison of nanotubes is visual and that aforementioned 
limitations might interfere with the observations.  
Nanotubes filtered over a PET filter and then immersed in aqueous solution 
were much more stable compared to fully dispersed nanotubes in aqueous 
solution that can freely float in the medium. The former nanotubes benefit 
from the presence of PET filter as a support, also a mesh of nanotubes is 
formed as they are filtered and deposited over the PET filter. This network of 
nanotubes protects them from deformation and prohibits their detachment 
from the filter surface as explained in chapter 4. Therefore, nanotubes 
deposited on a filter remained stable even after being immersed for a long 
duration in aqueous medium. In contrast, dispersed nanotubes in aqueous 
medium swim around and have no protection from exerted forces. When 
several nanotubes meet, they tend to stick to each other and form 
aggregates. This is especially the case for (PAH-FITC/PSS)3 and (PAH-
FITC/PAA)3 nanotubes as some aggregates are observable. To reinforce the 
structure of (PAH-FITC/PAA)3 nanotubes and enhance their stability, the 
tubes were crosslinked (images not shown). However, no noticeable changes 
were observable and tubes were still disrupted upon dispersion in aqueous 
solution.  
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Protein-based nanotubes are prone to damage, probably due to their soft 
nature. As discussed in chapter 4, the rigidity degree of protein-based 
nanotubes was strongly decreased after dispersion in aqueous medium. 
These soft nanotubes become highly hydrated in aqueous medium and can 
be easily disrupted upon application of external forces (either during stirring, 
or during filtration on a PET filter for further imaging). 
To prevent nanotubes aggregation in aqueous medium and increase their 
ability to float in aqueous medium, nanotube surfaces were modified with a 
highly hydrated PEG corona. The PEG grafting process reported in detail in 
chapter 5 was carried out on (PAH-FITC/PSS)3 and (PAH/OVA Alexa Fluor 
488)3 nanotubes.  
 
Figure 5.16. Epi-fluorescence microscopy images of (a) PEG-(PAH-FITC/PSS)3 
nanotubes, (b) PEG-(PAH/OVA Alexa Fluor 488)3 nanotubes dispersed in 
milli-Q water for 24 hours. (The acquisition conditions of fluorescence 
images are different and thus, the intensity of the images could not be 
compared.) 
 
Figure 5.16.a shows PEG-grafted nanotubes after dispersion in milli-Q water 
for 24 hours. PEG-(PAH-FITC/PSS)3 nanotubes appear to be intact and thus 
belong to category 1. However, PEG-(PAH-FITC/PAA)3 nanotubes look 
disrupted and therefore, these nanotubes are classified in category 4. Such 
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disruption in nanotubes could be either due to the disassembly of multilayers 
or due to the soft nature of those nanotubes and their inability to withstand 
the forces exerted on them during stirring and filtration from aqueous 
medium. To avoid deformation caused by disassembly of multilayers, 
(PAH/OVA Alexa Fluor 488)3 nanotubes were first crosslinked. Next, PEG 
chains were grafted on their surface and afterwards, nanotubes were 
dispersed in milli-Q water for 24 hours. However, this procedure did not 
improve the stability of these nanotubes (images not shown). As the 
nanotubes were crosslinked, disassembly of multilayers can be ruled out and 
so, the main cause of nanotubes disruption and damage upon dispersion is 
mostly mechanical. A summary of nanotubes stability in aqueous medium is 
given in Table 5.6. 
 
Table 5.6. A summary of nanotubes stability in aqueous medium. 
System 
Stability in aqueous medium 
10 days 24 hours 
(PAH/PSS) Category 4 n.a. 
PEG-(PAH/PSS) n.a. Category 1 
(PAH/PAA) Category 4 n.a. 
(PAH/OVA) Category 4 n.a. 
PEG-(PAH/OVA) n.a. Category 4 
(PLA/OVA) Category 4 n.a. 
 
6.3.2 Stability of free floating LbL assembled nanotubes in culture 
medium 
As nanotubes will be further used for in vitro studies, it is essential to also 
investigate their stability in the culture medium, which is Dulbecco’s 
phosphate-buffered saline (DPBS). To this aim, nanotubes were collected by 
dextran-adjuvant assisted collection method and were then dispersed in 
DPBS at pH = 7.1 and mildly stirred for 24 hours.  
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Figure 5.17. Epi-fluorescence microscopy images of (a) (PAH-FITC/PSS)3, (b) 
(PAH-FITC/PAA)3, (c) (PAH/ OVA Alexa Fluor 488)3, (d) (PLA/OVA Alexa Fluor 
488)3 nanotubes dispersed in DPBS for 24 hours. (The acquisition conditions 
of fluorescence images are different and thus, the intensity of the images 
could not be compared.) 
 
Figure 5.17, shows nanotubes after being dispersed in DPBS for 24 hours. As 
can be seen (PAH-FITC/PSS)3 nanotubes show some signs of disruption 
(category 3) while other systems such as (PAH-FITC/PAA)3, (PAH/OVA Alexa 
Fluor 488)3 and (PLA/OVA Alexa Fluor 488)3 nanotubes are fully disrupted 
(category 4).  
Here again, nanotubes disruption can be related to mechanical forces 
exerted on soft, hydrated nanotubes. In addition, phosphate ions present in 
DPBS buffer may also diffuse in nanotubes and may affect the interactions 
between multilayers, which eventually leads to nanotubes deformation. 
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(PAH-FITC/PSS)3 nanotubes have a higher tendency to withstand such 
perturbation, while nanotubes of other chemistries are more vulnerable.  
PEG chains were grafted on the surface of nanotubes in order to improve 
their stability upon dispersion in DPBS buffer.  
 
Figure 5.18. Epi-fluorescence microscopy images of (a) PEG-(PAH-FITC/PSS)3 
nanotubes, (b) PEG-(PAH/OVA Alexa Fluor 488)3 nanotubes dispersed in 
DPBS for 24 hours. (The acquisition conditions of fluorescence images are 
different and thus, the intensity of the images could not be compared.) 
 
Figure 5.18 is shows PEG grafted nanotubes after being dispersed in DPBS for 
24 hours. Here, PEG-(PAH-FITC/PSS)3 nanotubes appear to be intact, 
however, these nanotubes have formed some aggregates (category 1 with 
some aggregates). PEG-(PAH/OVA Alexa Fluor 488)3 nanotubes were 
disrupted after being dispersed in DPBS (category 4). The stability of 
(PAH/OVA Alexa 488)3 nanotubes was not improved when nanotubes were 
crosslinked prior to PEG grafting. 
6.3.3 Fabrication of nanotubes with improved stability in culture 
medium 
Apart from synthetic (PAH/PSS) nanotubes, nanotubes of other chemistries 
were fully disrupted after being dispersed for 24 hours in DPBS. To improve 
their stability in DPBS, two different approaches were considered: 
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1. Conditioning nanotubes in DPBS prior to their dispersion  
2. Fabricating the nanotubes in DPBS.  
In the first approach, PC membranes containing LbL assembled nanotubes 
were immersed in DPBS and stirred for 24 hours. Ions present in DPBS buffer 
can diffuse through the PC membrane pores. The LbL nanotubes have 
therefore enough time to adapt their structure to the new conditions, while 
being still embedded and protected by the template. This approach is 
interesting as it is quite easy to observe if nanotubes disassemble or keep 
their shape and structure inside the PC membrane after being in contact with 
DPBS. After being conditioned in DPBS buffer for 24 hours, nanotubes are 
collected by dextran-adjuvant assisted method and then dispersed in DPBS.  
In the second approach, the LbL assembly within the template nanopores is 
carried out in DPBS. Next, nanotubes are collected by dextran-adjuvant 
method and then dispersed in DPBS. As nanotubes are directly fabricated in 
DPBS, there should be no perturbation caused by introduction of new ions 
upon dispersion. 
As (PAH/PSS)3 nanotubes were not fully disrupted after being dispersed in 
DPBS buffer, aforementioned methods were only carried out on the other 
systems.  
6.3.3.1 1st approach: Conditioning nanotubes in DPBS prior to dispersion 
PC membranes containing nanotubes were immersed in DPBS buffer for 24 
hours. Afterwards, the membranes were dissolved in PC membrane and the 
obtained suspension of nanotubes was simply filtered over a PET filter. 
Nanotubes deposited on the surface of filter were then imaged by epi-
fluorescence microscopy. 
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Figure 5.19. Epi-fluorescence microscopy images (a) (PAH-FITC/PAA)3, (b) 
(PAH/OVA Alexa Fluor 488)3, (c) (PLA/OVA Alexa Fluor 488)3 nanotubes 
conditioned in DPBS for 24 hours and released from the membrane. (The 
acquisition conditions of fluorescence images are different and thus, the 
intensity of the images could not be compared.) 
 
Figure 5.19 demonstrates that all studied nanotubes kept their tubular shape 
and their fluorescence signal after being conditioned inside the PC 
membrane in DPBS buffer for 24 hours, suggesting that DPBS does not 
disassemble multilayer nanotubes and is indeed a proper medium to 
disperse nanotubes. Nanotubes were then collected by dextran adjuvant 
assisted collection method and were dispersed in DPBS and mildly stirred for 
24 hours.  
 
Figure 5.20. Epi-fluorescence microscopy images (a) (PAH-FITC/PAA)3, (b) 
(PAH/OVA Alexa Fluor 488)3, (c) (PLA/OVA Alexa Fluor 488)3 nanotubes 
conditioned in DPBS for 24 hours and dispersed in DPBS for 24 hours. (The 
acquisition conditions of fluorescence images are different and thus, the 
intensity of the images could not be compared.) 
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Figure 5.20 represents epi-fluorescence images of nanotubes that were 
conditioned for 24 hours in DPBS and further dispersed in DPBS for 24 hours. 
All studied systems lost their tubular shape, and were disrupted (category 4). 
Some fluorescent remnants and some aggregates are observed here and 
there as well.  
PEG chains were grafted on the surface of (PAH-FITC/PAA)3 and (PAH/OVA 
Alexa Fluor 488)3 nanotubes that were previously conditioned in DPBS, to 
enhance their stability upon dispersion in DPBS. 
 
Figure 5.21. Epi-fluorescence microscopy images of (a) PEG-(PAH-FITC/PAA)3, 
(b) PEG-(PAH/OVA Alexa Fluor 488)3, nanotubes were previously conditioned 
in DPBS for 24 hours, then grafted with PEG and afterwards dispersed in 
DPBS for 24 hours. (The acquisition conditions of fluorescence images are 
different and thus, the intensity of the images could not be compared.) 
 
As observed in Figure 5.21, grafting PEG chains on the surface of the 
nanotubes does not significantly enhance their stability and dispersion in 
DPBS. Here again, broken nanotubes and aggregates are observed. Both PEG-
grafted systems belong to category 4. 
6.3.3.2 2nd approach: DPBS as LbL assembly medium 
The stability of free nanotubes built-up in DPBS with and without further PEG 
grafting on the outermost layer was checked. 
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Figure 5.22. Epi-fluorescence images of (a) (PAH-FITC/PAA)3 and (b) 
(PAH/OVA Alexa Fluor 488)3 nanotubes assembled in DPBS buffer and 
imaged directly after being released from the PC template, (c) (PAH-
FITC/PAA) and (d) (PAH/OVA Alexa Fluor 488)3 nanotubes assembled in DPBS 
and dispersed in DPBS for 24 hours, (e) PEG-(PAH-FITC/PAA)3 and (f) PEG-
(PAH/OVA Alexa Fluor 488)3 nanotubes assembled in DPBS, further modified 
with a PEG corona, and dispersed in DPBS for 24 hours. (The acquisition 
conditions of fluorescence images are different and thus, the intensity of the 
images could not be compared.) 
 
Epi-fluorescence microscopy imaging of nanotubes showed that (PAH-
FITC/PAA)3 nanotubes were successfully assembled in DPBS (Figure 5.22.a). 
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The wall-thickness of those nanotubes was measured by gas-flow porometry 
and was estimated to be around 45 nm. However, these nanotubes did not 
keep their tubular shape and were disrupted (category 4) upon dispersion in 
DPBS (Figure 5.22.c). Grafting PEG chains on the surface of these nanotubes 
did not significantly improve their stability (Figure 5.22.e). 
(PAH/OVA Alexa Fluor 488)3 nanotubes were also successfully fabricated in 
DPBS buffer (Figure 5.22.b) and their wall thickness was estimated to be 
about 70 nm by gas-flow porometry measurements. These nanotubes 
became highly swollen and formed loops upon dispersion in DPBS (category 
2) (Figure 5.22.d). Grafting PEG chains on the surface of these nanotubes did 
not lead to noticeable changes when nanotubes were dispersed in DPBS 
(Figure 5.22.f). PEG-(PAH/OVA Alexa Fluor 488)3 nanotubes still formed loops 
and were swollen after being dispersed in DPBS. Some signs of disruption 
were also observed for these tubes (category 3). A summary of nanotubes 
stability in DPBS buffer is given in Table 5.7. 
Since (PAH-FITC/PAA)3 nanotubes did not keep their shape upon dispersion 
in DPBS, these nanotubes were not used for any further in-vitro studies. 
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Table 5.7. A summary of nanotubes stability in DPBS buffer. 
System 
Adopted process 
to improve stability Stability in DPBS 
Conditioning  
in DPBS 
LbL assembly  
in DPBS 
(PAH/PSS) - - Category 1 
PEG-(PAH/PSS) - - Category 1  
(PAH/PAA) - - Category 4 
(PAH/PAA) yes  Category 4 
(PAH/PAA)  yes Category 4 
PEG-(PAH/PAA)  yes Category 4 
(PAH/OVA) - - Category 4 
(PAH/OVA) yes  Category 4 
PEG-(PAH/OVA) yes  Category 4 
(PAH/OVA)  yes Category 2 
PEG-(PAH/OVA)  yes Category 3 
(PLA/OVA) - - Category 4 
(PLA/OVA) yes  Category 4 
 
6.3.4 Cellular uptake of LbL assembled nanotubes  
To investigate the interaction between cells and LbL assembled nanotubes, 
nanotubes of different chemistries as well as different dimensions were 
brought in contact with mouse dendritic cells DC2.4 for 24 hours in vitro. 
Nanotubes chemistries varied from synthetic (PAH-FITC/PSS)3 to protein-
based (PAH/OVA Alexa Fluor 488)3 and biological (PLA/OVA Alexa Fluor 488)3 
nanotubes. Nanotubes outer diameter and length varied from 500 nm outer 
diameter and 21 m length to 400 nm outer diameter and 10 m length. PEG 
chains were grafted on the outer surface of PAH containing nanotubes as 
well. A summary of all studied nanotubes is presented in Figure 5.23.  
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Figure 5.23. A summary of chosen nanotubes of different chemistries, 
dimensions and surface functionalization used for in vitro cellular uptake 
studies. 
 
After 24 hours of nanotubes incubation with cells, almost all the cells were 
viable. Therefore, one can deduce that none of studied systems had toxic 
effects over the cells. 
Figure 5.24 shows confocal microscopy fluorescence overlay images of (PAH-
FITC/PSS)3 nanotubes after 24 hours incubation with DC2.4 cells.  
As observed in Figure 5.24. both long and short (PAH-FITC/PSS)3 nanotubes 
were uptaken by the cells (Figure 5.24.a and Figure 5.24.b). The XZ and YZ 
plane images for long (PAH-FITC/PSS)3 are shown (Figure 5.24.a) and prove 
that nanotubes have indeed entered the cell membrane. It is observed that 
a few number of PEG-grafted long nanotubes have also been uptaken by the 
cells (Figure 5.24.c). A large quantity of short, PEG-grafted (PAH-FITC/PSS) 
nanotubes is internalized by the cells as observed in Figure 5.24.d.  
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Figure 5.24. Confocal microscopy fluorescence overlay images with 
maximum intensity projection of Z stacks on XY plane (a) (PAH-FITC/PSS)3 
nanotubes of 500 nm outer diameter and 21 µm length (YZ plane on the left, 
XZ plane on the bottom and XY plane in the middle), (b) (PAH-FITC/PSS)3 
nanotubes of 400 nm outer diameter and 10 µm length, (c) PEG-(PAH-
FITC/PSS)3 nanotubes of 500 nm outer diameter and 21 µm length, (d) PEG-
(PAH-FITC/PSS)3 nanotubes of 400 nm outer diameter and 10 µm length, 
after 24 hours incubation with DC2.4 cells. The cells membrane was stained 
red and the cells nuclei was stained blue. (The analyzed z-axis distance was 
about 20 µm). 
 
Figure 5.25 shows confocal microscopy fluorescence overlay images of 
(PAH/OVA Alexa Fluor 488)3 nanotubes after 24 hours incubation with DC2.4 
cells. These nanotubes were already swollen and partially disrupted prior to 
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incubation with DC2.4 cells (Table 5.7). From Figure 5.25, it is observed that 
a small number of nanotubes have been internalized by the cells. Non-
internalized nanotubes did not stick on the surface of the cells and were 
removed during multiple rinsing steps of the sample preparation process. No 
significant difference between cellular uptake of PEG-grafted and non-
grafted nanotubes is observed  
 
Figure 5.25. Confocal microscopy fluorescence overlay images with 
maximum intensity projection of Z stacks on XY plane of (a) (PAH/OVA Alexa 
Fluor 488)3 nanotubes of 500 nm outer diameter and 21 µm length, (b) 
(PAH/OVA Alexa Fluor 488)3 nanotubes of 400 nm outer diameter and 10 µm 
length, (c) PEG-(PAH/OVA Alexa Fluor 488)3 nanotubes of 500 nm outer 
diameter and 21 µm length, (d) PEG-( PAH/OVA Alexa Fluor 488)3 nanotubes 
of 400 nm outer diameter and 10 µm length (YZ plane on the right, XZ plane 
on the bottom and XY plane in the middle), after 24 hours incubation with 
DC2.4 cells. The cells membrane was stained red and the cells nuclei was 
stained blue. (The analyzed z-axis distance was about 20 µm). 
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Figure 5.26.a and Figure 5.26.b show confocal microscopy fluorescence 
overlay images of (PLA/OVA Alexa Fluor 488)3 nanotubes after 24 hours 
incubation with dendritic cells. Previous stability tests already demonstrated 
that these nanotubes were disrupted (category 4) upon dispersion in DPBS 
(Table 5.7). Here, it is observed that although nanotubes are disrupted, their 
broken pieces are internalized by the cells.  
 
Figure 5.26. Confocal microscopy fluorescence overlay images with 
maximum intensity projection of Z stacks of two different samples of 
(PLA/OVA Alexa Fluor 488)3 nanotubes of 500 nm outer diameter and 21 µm 
length. XY plane in the middle, XZ plane on the bottom and YZ plane on the 
right. The cells membrane was stained red with and the cells nuclei was 
stained blue. (The analyzed z-axis distance was about 20 µm).  
 
The difference in cells behavior upon incubation with nanotubes of different 
chemistries and dimensions should be studied more profoundly. However, 
from our preliminary experiments, it was concluded that shorter nanotubes 
have a higher chance of being internalized by the cells. However, we cannot 
draw any significant conclusions about the antifouling properties of PEG-
grafted nanotubes as only a limited number of tests were performed and 
quantitative data are not available. 
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It was observed that a higher number of synthetic (PAH-FITC/PSS)3 
nanotubes were uptaken by the cells compared to protein-based (PAH/OVA 
Alexa Fluor 488)3 and (PLA/OVA Alexa Fluor 488)3. This could be related to 
the rigidity of these nanotubes. The rigidity degree of nanotubes prior and 
after dispersion in milli-Q water was previously studied (see Chapter 4, Figure 
4.13). The rigidity degree of (PLA/OVA) nanotubes is dropped by 60% while 
the rigidity degree of (PAH/PSS) and (PAH/OVA) is dropped by 40%. Those 
rigidity values were calculated by measuring the root-mean-square end-to-
end distance of each nanotube as well as their contour length. Therefore, it 
gives an idea about the rigidity “along” the nanotube structure. However, as 
observed from Figure 5.22.d, some swelling occurs in “radial direction” for 
(PAH/OVA Alexa Fluor 488)3 nanotubes. These results indicate that in order 
to be uptaken by the cells, nanotubes should possess a certain degree of 
rigidity.  
Three-dimensional images obtained from confocal microscopy show that 
nanotubes have been uptaken by cells and give an idea about nanotubes 
structure inside the cells (Figure 5.27). The uptake process is indeed 
phagocytosis.  
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Figure 5.27. 3 dimensional images of nanotubes uptaken by the cells. (a) 
(PAH-FITC/PSS)3 nanotubes of 500 nm outer diameter and 21 µm length, (b) 
(PLA/OVA Alexa Fluor 488)3 nanotubes of 500 nm outer diameter and 21 µm 
length. The cells membrane was stained red and the cells nuclei was stained 
blue. (The analyzed z-axis distance was about 20 µm). 
 
6.4 Conclusion 
The stability of LbL assembled nanotubes composed of different 
polyelectrolytes ranging from fully synthetic (PAH/PSS) and (PAH/PAA) to 
protein-based (PAH/OVA) and biological (PLA/OVA) was checked in milli-Q 
water and DPBS. It was observed that nanotubes are more stable when they 
are filtered over a support. Free-floating nanotubes have a higher tendency 
to disruption and aggregation while being dispersed and stirred in aqueous 
medium. Since DPBS is going to be used as the cell culture medium for in 
vitro tests, different strategies such as grafting PEG chains on the surface of 
the tubes, conditioning the tubes beforehand in DPBS or ultimately 
constructing tubes in DPBS were developed to improve nanotubes stability 
in DPBS. 
Nanotubes were next incubated with dendritic cells (DC2.4) and their cellular 
uptake was studied. Shorter nanotubes had a higher chance to be 
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internalized by the cells. A larger amount of synthetic (PAH-FITC/PSS)3 
nanotubes was uptaken compared to protein-based nanotubes. This could 
be related to the rigidity degree of nanotubes. Indeed, nanotubes should 
possess a certain rigidity degree in order to be phagocytosed by the cells. 
Nanotubes that are soft and highly hydrated are therefore less likely to be 
uptaken by the cells. 
In brief, results obtained in this study demonstrate that LbL assembled nano-
objects can be uptaken and internalized by cells and can maintain their 
structure and morphology after phagocytosis. These key findings pave the 
way to further use of LbL assembled nanotubes in various biomedical 
applications and in particular, in the field of drug delivery.  
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7 Conclusions and perspectives  
 
In this work, we aimed to push the boundaries of nanoparticle-based drug 
delivery systems by fabricating multilayer assembled tubular nano-objects of 
different compositions, transferring them from organic solvent medium to 
aqueous medium, functionalizing their surface with antifouling moieties and 
studying their interactions with model immune cells while addressing the 
challenges arose at each step.  
First, LbL assembled multilayer flat films and nanotubes were fabricated 
either by LbL deposition over a flat substrate or combining LbL assembly with 
template synthesis method. Template synthesis method provided us the 
possibility to fine-tune the dimensions of nanotubes and LbL assembly and 
gave us the opportunity to use a wide range of materials as building blocks 
of the nanotubes.  
Studied systems had different chemistry ranging from strong to weak 
polyelectrolytes and up to biological macromolecules. We observed that the 
growth of multilayers in geometrically confined nanostructures differs from 
that of flat surfaces, which is in accordance with previous studies. We also 
observed the flattening of protein containing nanotubes upon drying. As it 
turns out, the soft nature of these tubes is indeed a crucial point that will 
affect their further application. 
Next, different strategies to efficiently collect and disperse nanotubes in 
water were explored. Among them, the adjuvant-assisted filtration 
approach, using dextran as adjuvant, was particularly efficient and allowed 
the collection and dispersion in aqueous solution of all nanotubes studied in 
this work. This method is universal and independent of the chemistry of 
nano-objects and has been successful for collection and dispersion of other 
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tubular nano-objects such as polypyrrole nanotubes and gold nanowires in 
aqueous medium. Second, the method gives the opportunity of collecting a 
large number of nanotubes in one single filtration process. This method is 
especially applicable and interesting for systems where there is only a small 
amount of nanotubes to collect (for instance, a low amount of nanotubes 
composed of expensive molecules). The morphology of nanotubes was 
characterized prior to and after their immersion in water, revealing that the 
rigidity degree of LbL nanotubes strongly decreases after being in contact 
with water, leading to highly swollen and flexible nanotubes in aqueous 
solution.  
Afterwards, on our route to approach an ideal drug carrier, we aimed to add 
antifouling PEG chains on the surface of nanotubes. We used block and graft 
polyelectrolyte-PEG copolymers both on flat surfaces and inside the pores. 
We found that depending on the conformation that PEG chains might adopt, 
further assembly could be partially or completely inhibited. Therefore, we 
aimed for covalently grafting PEG chains on the surface of the tubes after 
their release from the template. Primary amines available on nanotubes 
surface were shown to react successfully with NHS-PEG. 
Our final step was to incubate dendritic cells with LbL assembled nanotubes 
to observe their interaction with cells and verify if the nanotubes are uptaken 
by phagocytosis. To this aim, the stability of nanotubes in milli-Q water as 
well as in cell culture medium (which is DPBS buffer, pH = 7.1) was studied. 
We found out that some nanotubes were less stable in DPBS compared to 
others. Therefore, different strategies were developed to improve the 
stability of nanotubes in culture medium. It was observed that short 
synthetic nanotubes had a higher chance of being phagocytosed by the cells. 
Such a difference in phagocytosis is probably due to difference in nanotubes 
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rigidity degree. Nanotubes maintained their structure inside the cells after 
being internalized.  
We are certain that these key findings shed some light on further use of 
template synthesized LbL assembled nanotubes in various biomedical 
applications. Nevertheless, many challenges are yet to overcome and many 
parameters have still to be studied.  
For instance, tubular nano objects of shorter length and smaller diameter can 
be fabricated. In the present study, the shortest tubes were 10 µm long and 
had an outer diameter of 400 nm. Fabricating shorter nanotubes means using 
thinner PC templates that are extremely fragile and difficult to manipulate. 
An interesting alternative would be the use of nanoporous PC membranes 
with one closed surface. Such templates can have a thickness of 10 – 20 µm 
while the depth of the pores inside them reaches maximum 5 µm. Those 
templates are easy to manipulate and give the opportunity to fabricate 
nanotubes with one open and one closed end. In other terms, nano test 
tubes can be fabricated by this process. Up to now, only silica nano test tubes 
and chitosan nano test tubes were fabricated using alumina templates. 
Promising results were recently obtained in our group by fabricating 
(PAH/PSS) nano test tubes of 5 µm length and 300 nm pore diameter. 
More profound and detailed studies should be conducted on nanotubes 
behavior in aqueous medium in order to have a quantitative evaluation of 
nanotubes stability. Interactions between cells and nanotubes should be 
studied at different time intervals to observe nanotubes/cells interaction 
overtime. In addition, quantitative evaluation of nanotubes uptaken by the 
cells should also be performed.  
Another aspect worth investigation is the use of degradable components in 
nanotubes structure. This is particularly interesting for studying the kinetics 
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of drug release inside or outside of the cells. Well-known examples of 
hydrolytically degradable synthetic polycations are the members of 
poly(beta-amino ester)s family. Amino acid containing nanotubes can also be 
degraded by protease. By combining such elements, nanotubes providing 
sustained release of their cargo can be fabricated. 
On our way to fabricate multifunctional nanotubular drug delivery systems, 
the surface of nanotubes plays a pivotal role and there is still a lot to be done 
in respect of nanotubes surface functionalization. An in-depth study of the 
density of grafted PEG chains per surface area is essential. In addition, 
functionalizing nanotubes surface with other components, such as targeting 
moieties, is also very interesting and worthy of investigation. Sophisticated 
systems with different functional groups on nanotubes ends and surface are 
also extremely intriguing. 
Template synthesized LbL assembled nanotubes have a promising future in 
the development of therapeutic carriers and further studies is required to 
fully understand them as well as to optimize them towards real applications. 
It is a hope that this thesis inspires further research dedicated to tubular 
nano-objects for biomedical applications. 
 
 
 
 
  
Appendix 
215 
 
Appendix 
A summary of composition and build-up conditions of the various studied LbL assembled nanotubes in each chapter.  
Chapter 3.  
Polycation Polyanion 
Construction 
medium 
Amount of salt 
or buffer 
Construction 
pH 
Assembling method Crust removal 
PAH PSS milli-Q water 150 mM NaCl neutral 
LbL by dipping After each bilayer 
LbL by filtration After each layer 
PAH PAA MES buffer 150 mM MES 5.5 ± 0.1 
LbL by dipping After each bilayer 
LbL by filtration After each layer 
PAH OVA HEPES buffer 10 mM HEPES 8 ± 0.1 
LbL by dipping After each bilayer 
LbL by filtration After each layer 
PLA OVA milli-Q water 150 mM NaCl neutral 
LbL by dipping After each bilayer 
LbL by filtration After each layer 
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Chapter 4.  
Polycation Polyanion 
Construction 
medium 
Amount of salt 
or buffer 
Construction 
pH 
Assembling method Crust removal 
PAH PSS milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
PAH PAA MES buffer 150 mM MES 5.5 ± 0.1 LbL by dipping After each bilayer 
PAH OVA HEPES buffer 10 mM HEPES 8 ± 0.1 LbL by dipping After each bilayer 
PLA OVA milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
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Chapter 5.  
polycation polyanion 
Construction 
medium 
amount of salt 
or buffer 
construction 
pH 
Assembling method Crust removal 
PAH PSS milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
PAH PAA MES buffer 150 mM MES 5.5 ± 0.1 LbL by dipping After each bilayer 
PAH OVA HEPES buffer 10 mM HEPES 8 ± 0.1 LbL by dipping After each bilayer 
PLA OVA milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
PLA PSS milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
PLL-g-PEG PSS milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
PLL-b-PEG PSS milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
Shell PLL-b-PEG PSS 
milli-Q water 150 mM NaCl neutral LbL by dipping After each bilayer 
Core PAH PSS 
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Chapter 6.  
polycation polyanion 
Construction 
medium 
amount of salt 
or buffer 
construction 
pH 
Assembling method Crust removal 
PAH PSS milli-Q water 150 mM NaCl neutral LbL by filtration After each layer 
PAH PAA MES buffer 150 mM MES 5.5 ± 0.1 LbL by filtration After each layer 
PAH OVA HEPES buffer 10 mM HEPES 8 ± 0.1 LbL by filtration After each layer 
PLA OVA milli-Q water 150 mM NaCl neutral LbL by filtration After each layer 
PAH PAA DPBS buffer 150 mM DPBS 7.1 ± 0.1 LbL by filtration After each layer 
PAH OVA DPBS buffer 150 mM DPBS 7.1 ± 0.1 LbL by filtration After each layer 
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